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THE BIOCHEMICAL JOURNAL 
FIFTIETH ANNIVERSARY 


The Biochemical Journal was founded in 1906 by 
Benjamin Moore and Edward Whitley as a private 
venture and was acquired by the newly founded 
(1911) Biochemical Society in 1912. The first 
volume contained 32 papers, and volume 7, the first 
under the aegis of the Biochemical Society, con- 
tained 62. Since 1913 the Cambridge University Press 
has acted as printer and publisher for the Society. 

Professor Moore started his journal because of 
his desire that contributions should be published as 
received, without criticism or editorial suggestions ; 
but when the Journal was acquired by the Society 
this policy was no longer acceptable, and W. M. 
Bayliss and A. Harden were invited to become the 
first editors for the Biochemical Society. 

To assist the editors the Society appointed a 
representative editorial committee consisting of 
nine members. The early success of the Journal 
must be chiefly attributed to the first editors, 
especially A. Harden, who carried the main burden 
until 1924 and remained an editor until 1937. 

After the retirement of W. M. Bayliss (1924), the 
editors were A. Harden and H. W. Dudley (1924— 
30); A. Harden and C. R. Harington (1930-34); 
A. Harden, C. R. Harington and F. J. W. Roughton 
(1935-37). From 1938 to 1942 the Journal was edited 
by C. R. Harington with three associate editors— 
S. J. Cowell, F. Dickens and F. J. W. Roughton. 

The size of the Riechemical Journal has reflected 
the growth of biochemistry in Britain and the 


1906—12 


Commonwealth; the number of papers published 
each year has risen from 62 in 1913 to 329 in 1955. 
This growth has necessitated changes in the edi- 
torial organization. In 1942 an Editorial Board was 
constituted with, at first, six members under the 
chairmanship of F. G. Young. In 1946, E. J. King 
became chairman with ten members and, in 1952, 
A. Neuberger became chairman of a board of 
fourteen members. The present board, with A. G. 
Ogston as chairman, has seventeen members. 
With the formation of the Editorial Board the 
rules of the Biochemical Society were altered so 
that the maximum period of service for members 
was limited to seven years, with an extension to 
ten years for any member appointed chairman. 

In 1955 the Society appointed a permanent secre - 
tary to the Editorial Board, the secretary being a 
professional editor charged with administering the 
policies of the board under the direction of the chair- 
man. A permanent office staff has also contributed 
greatly to the smooth production of the Journal. 

It is the policy of the Board to maintain a high 
standard of clarity in papers and to ensure, as far as 
possible, that sufficient detail is included to allow 
repetition of the work described. To assist in this. 
some uniformity of conventions and format is 
necessary, but not such as to stifle individual style 
of expression. 

The names of all those who have been associated 
with editing the Journal are given below: 


PRIVATE EDITORS 


BENJAMIN MooRE 
EDWARD WHITLEY 


1913-37 
A. HARDEN 
W. M. Baytiss 
H. W. DuDLEY 


C. R. HARINGTON 
F. J. W. RouGHTON 


EDITORS FOR THE BIOCHEMICAL SOCIETY 


1913-37 
1913-24 
1924-30 
1930-37 
1935-37 


MEMBERS OF THE EDITORIAL COMMITTEE 


V. H. BLhackKMAN 


J. A. GARDNER 
F. G. Hopkins 
F. KEEBLE 

W. RAMSDEN 
1. J. RUSSELL 
B. Moore 


E. F. ARMSTRONG 


A. J. BRown 
G. BARGER 
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The Effects of X- and y-Radiation on Nucleic Acid Metabolism 
in the Rat in vivo and in vitro 


By MARGERY G. ORD anp L. A. STOCKEN 
Biochemistry Department, University of Oxford 


(Received 8 September 1955) 


The effects of X-radiation on nucleic acid meta- 
bolism and on nucleoproteins have been investi- 
gated extensively (Euler & Hevesy, 1942; Holmes, 
1947; Hevesy, 1955). Recently, the emphasis has 
shifted to an analysis of the differential effects on 
the base, sugar and phosphate components 
(Harrington & Lavik, 1955) and to the correlation 
of deoxyribonucleic acid (DNA) sensitivity with 
position in the mitotic cycle (Howard & Pele, 1951; 
Holmes & Mee, 1954; Lajtha, Oliver & Ellis, 1954). 

Previous experiments had demonstrated that 
there was no direct effect of y-rays on oxidative 
phosphorylation by rat-spleen mitochondria in 
vitro (Ord & Stocken, 1955). We therefore decided 
to extend our search for a system which would be 
sensitive to radiation in vitro to a study of the 
effects of irradiation on nucleic acid metabolism, 
using incorporation of **P as an indicator. Totter 
(1954) and Passoneau & Totter (1954) reported an 
inhibition by y-rays (Co) in vitro of the incorpora- 
tion of [“@C]formate into rat bone-marrow and 
chick-embryo DNA. We have used spleen, thymus 
and lymph nodes for the experiments in vitro but, 
in extending the work to the effects of irradiation 
of the whole body in vivo, liver and regenerating 
liver have also been examined. Some ideas have 
been developed about the varying radiosensitivity 
of different tissues, which is such a striking factor 
after irradiation of the whole body. 


METHODS 


Animals. The laboratory strain of Wistar rats was used. 
For the experiments on thymus and lymph node male 
animals of 70-100 g. were used, and for the other experi- 
ments males of about 200 g., unless otherwise stated. 

Partial hepatectomies were performed as described by 
Higgins & Anderson (1931). Control and hepatectomized 
rats were starved for 24 hr. before operation and given 5% 
glucose to drink for the following 24 hr. 

The animals were maintained on 0-9% saline and were 
used on the fourth day when adrenalectomies had been 
performed. 

Irradiation. X-radiation was carried out in vivo in the 
M.R.C. Radiobiological Research Unit, Harwell. Irradia- 
tion in vitro was given by Ir sources circularly distributed 
lem. below the Warburg incubation flasks (total volume 
5ml.) as described previously (Ord & Stocken, 1955). 
Calibration was by the FeSO, method (Miller, 1950). After 


the tissues had been exposed for the required times (with 
new sources 1000 r. was delivered in about 10 min.) the 
flasks were removed from the bath and transferred to a 
second bath at the same temperature. The control vessels 
were kept in the shielded bath the whole time. 

For the X-radiation of the lymph node cultures the 
closed chambers were kept in an insulated box at 37° for 
the duration of the exposure. 

Incorporation of **P. Carrier-free **P was obtained from 
the Radiochemical Centre, Amersham, and was brought to 
pH 7 before use. Animals were injected intramuscularly 
with 25-50 yc/100 g. and killed 2 hr. after the injection. 
Unless otherwise stated, they were irradiated immediately 
after administration of **P. 

In most experiments, blood was collected from the 
animals at death, and the specific activity of the blood 
inorganic phosphate was used as reference for the activities 
of the nucleic acids. 

Liver nuclei were prepared initially by the method of 
Mirsky & Pollister (1946-47). In later experiments a 
method developed by Mr P. Esnouf (unpublished work) was 
used. 

The lymph node cultures were set up by Dr Trowell in 
a medium modified from that previously described 
(Trowell, 19526). To each chamber 60 wc of **P was added 
6 ml. of incubation fluid after the cultures had been set 
up for 24 hr. The incubations were stopped after a further 
2 hr. 

The specific activity of inorganic phosphate in the 
medium was determined at the end of the incubation. 
Neither with the lymph nodes nor with blood in the 
experiments in vivo was any difference found between 
control and irradiated values. Since preliminary experi- 
ments suggested that very little incorporation into DNA 
took place in homogenates, tissue slices [about 100 mg. cut 
by a Mcllwain & Buddle chopper (1953)] were used. The 
incubations were carried out at 37° in oxygenated Krebs— 
Ringer phosphate containing 25yc of *P, and fortified 
with 0-3m glucose. Control experiments in which the flasks 
were kept at 0° gave DNA with only 3% of the activity 
found in the flasks incubated at 37°. The incubations were 
from 1 to 3 hr. and were stopped by the addition of 1 ml. of 
30% trichloroacetic acid (TCA). The slices were removed 
from the vessels and dispersed in about 10 ml. of 6% TCA 
by means of a homogenizer (Potter & Elvehjem, 1936). 

Extraction of nucleic acid. This was performed exactly as 
described by Deluca, Rossiter & Strickland (1953). The 
Hammarsten (1947) method of extracting nucleic acids by 
concentrated salt solution used, followed by the 
Schmidt & Thannhauser (1945) separation of DNA and 
RNA (ribonucleic acid). 

Analysis of nucleotides of DNA. 
that **P incorporation into DNA had occurred it was 


1-2 


was 


In order to establish 
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necessary to demonstrate the presence of *P in the indi- 
vidual nucleotides. DNA was therefore hydrolysed by 
DNA-ase (Kunitz, 1949) and the nucleotides were liberated 
by diesterase prepared from viper snake-venom (Hurst & 
Butler, 1951). The nucleotides were separated on Dowex 1 
(Hurst, Marko & Butler, 1953), the fractions identified by 
their ultraviolet absorption (Hurst e¢ al. 1953; Beaven, 
Holiday & Johnson, 1954) and the**P activity was measured. 

Preparation of DNA. DNA was prepared by methods 
III 2 (d) and III 2 (a) of Chargaff (1954), sodium dodecyl 
sulphate and chloroform/amyl alcohol being used re- 
spectively for deproteinizing. 

Analysis of DNA. Dry wt. determinations were per- 
formed in the way recommended by Chargaff (3 hr., 60°). 
Base analyses were carried out as described by Wyatt 
(1954) by hydrolysis with formic acid followed by chro- 
matography in isopropanol-HCl-water. 

Phosphorus. This was estimated by the method of 
Berenblum & Chain (1938). 

Nitrogen. This was estimated by the Kjeldahl method by 
the distillation apparatus designed by Markham (1942). 

Measurements of radioactivity. **P was counted in 10 ml. 
samples in a Geiger—Miiller liquid counter (Veall, 1948). 
For measurements of specific activity, inorganic phosphate 
was extracted as phosphomolybdic acid into 10 ml. of iso- 
butanol, counted and a suitable volume reduced to give the 
phosphorus content. Sufficient counts were recorded to 
give an error less than 3%. 


EXPERIMENTAL AND RESULTS 
Irradiation of spleen and thymus 


Incorporation of **P into the nucleic acids of spleen 
and thymus occurred readily in vitro, but from a 


comparison of the ratios of the specifie activities of 


RNA and DNA in vivo and in vitro it is evident 
that the pattern of uptake was altered. It is also 
clear (Table 1) that an exposure of 1000-2000 r. of 


Table 1. 


Incorporation of *2P into 


1956 


y-radiation did not affect the **P uptake by spleen 
slices in vitro. 

As thymus is rather more sensitive to radiation 
than spleen and has a less diverse cell population, 
it was decided to examine this tissue in the same 
way. A more active uptake of **P into DNA 
occurred than in spleen, and the uptake increased 
with time, similar to the results of Smellie, 
Humphrey, Kay & Davidson (1955) obtained in vivo. 
In two experiments with incubation for 2 and 3 hr. 
with **P, 1800 and 2000 r. produced respectively a 
21 and 15% inhibition of uptake of *?P into DNA. 
Uptake of **P into RNA was probably unaffected. 
The results, however, were not very reproducible, 
and histological examination of the incubated 
thymus demonstrated that 10 min. shaking caused 
considerable pyknosis of the nuclei, although 
respiration and uptake continued steadily over 
3 hr. The damage was not avoided in other media 
which were tried. 

Since thymus was histologically altered it was 
decided to study the comparative pattern of 
uptake of **P into DNA nucleotides in vivo and in 
vitro, and to demonstrate unequivocally that true 
incorporation of *?P had occurred. The relative 
specific activities of the nucleotides are shown in 
Table 2, and since the recoveries from the columns 
accounted for 80-100 % of the counts it is apparent 
that the method of isolation was suitable for 
demonstrating incorporation of **P into DNA (ef. 
Deluca et al. 1953). 

The pattern of incorporation into the different 
nucleotides indicated that the incorporation of #*P 
into purine compounds was reduced in vitro com- 
pared with that found in vivo, when the specific 


rat nucleic acids after irradiation 


Relative specific activity 


= ‘ = —, 





Irradiated 
Incubation RNA DNA 
Dose time Control ae 
(r.) (hr.) RNA/DNA RNA/DNA (As % control) 
In vitro y-radiation 
Spleen 
1095 2 1-6 10-5 92 100 
2000 2 7-1 78 108 98 
Thymus 
2000 1 6-9 7-5 109 100 
1800 2 3-7 4-9 104 79 
2000 2 4-0 3°3 78 93 
2000 3 3-2 3-5 94 85 
In vivo X-radiation 
Spleen 
1000 2 2-7 4-65 67 40 
Thymus 
1000 (4 expts.) 2 eZ 2-6 5d 36 
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Table 2. 
Adenine 
In vitro 
Control (adenine = 1-0) 
In vivo 
Control (adenine = 1-0) 1-0 
1-0 
Adrenalectomized 1-0 
2 hr. after 1000 r. (as % control) 23 
. 20 
Adrenalectomized 53 


Table 3. Incorporation of **P into rat lymph 
nodes after 600 r. X-radiation 


Relative specific activities 





Irradiated 
Time — 
after RNA DNA 
radiation Control — y—27 
(hr.) RNA/DNA RNA/DNA (As % control) 
In vitro 
0-2 6-7 10-5 124 79 
6-5 8-6 106 78 
7-9 14-4 110 60 
9-5 15-5 126 77 
13-2 17-9 100 73 
8-2 16-2 89 46 
Mean*, 8-7 13-9 109 69 
3-5 7-€ 14-8 82 39 
7-9 12-4 52 33 
53 9-2 72-5 41 
Mean* 6-7 12-1 69 38 
In vivo 
0-2 2-7 4-65 67 40 


* Mean specific activity: control RNA 32-1 counts/min./ 
pg. of P; DNA 4-4 counts/min./yg. of P. 


activities of the purine and pyrimidine deoxy- 
nucleotides were nearly the same. This suggested 
that. the system incorporating **P into purines 
might be more labile than that incorporating it 
into pyrimidines, and that our incubation condi- 
tions used for the radiation experiments in vitro, 
which produced histological damage, also damaged 
the system incorporating **P into purine deoxy- 
nucleotides. 

Fractionation of thymus DNA following irradia- 
tion in vivo showed that *?P incorporation into 
adenine and guanine deoxyribonucleotides was 
more inhibited at 2 hr. after 1000 r. than that into 
cytosine and thymine nucleotides. It is possible, 


therefore, that the injury sustained by the purine- 
incorporation system during the incubation in vitro 
also damages the purine components that are 
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Incorporation of **P into rat-thymus deoxyribonucleotides 


Whole DNA 
(counts/min./ 


Guanine Cytosine Thymine pg. of P) 

1-2 2-9 2-9 4-1 
— 2-2 3-1 43 
“85 2-3 2-4 3°8 

1-2 1-0 1-3 5°35 
1-4 0-6 1-5 4-4 

1-0 1-5 2-0 5°15 
27 39 37 1-5 
37 58 65 1-4 
38 56 5d 2-9 


sensitive to radiation, thus reducing any possible 
effect of irradiation. 

In an attempt to establish at which point 
damage occurred to phosphate incorporation, it 
was decided to compare some properties of thymus 
deoxyribonucleic acid isolated from control rats 
and rats exposed to 1000 r. 2 hr. before sacrifice. 
No detectable difference was found between the 
ultraviolet absorption spectra which had maxima 
at 259 muy. [e(P) 6700] and minima at 230-231 muy. 
[e(P) 2800] (Chargaff & Zamenhof, 1948); although 
there was a small reduction in N/P ratio (ef. 
Limperos & Mosher, 1950), this was thought to be 
within our experimental error. Base analyses of 
control and irradiated specimens showed no 
difference in relative composition (94% recovery) 
and the base ratios agreed with those previously 
reported in rat bone-marrow by Wyatt (1951). As 
has been pointed out by Chargaff (1954), however, 
very slight changes in composition, which would be 
within our experimental error, could affect con- 
siderably the biological behaviour of the nucleo- 
protein. 


Lymph node experiments 


As the conditions of the experiments in vitro with 
thymus and spleen appeared to reduce their 
sensitivity to radiation, it was decided to study the 
effects on lymph node cultures which can be main- 
tained up to 96 hr. in a normal histological state 
and have been shown by Trowell (1952a, 1953) to be 
sensitive to radiation. From the RNA/DNA ratios 
in vivo and in vitro (Table 3), it is clear that DNA 
turnover is relatively slower in vitro, and this may 
be correlated with the very low mitotic rate of the 
lymphocytes (1:20 000; Trowell, 19526), whereas 
in vivo mitoses are rather more frequent, particu- 
larly in rats of about 100 g. weight. 

When the cells were incubated with **P and 
immediately irradiated (600 r.) it was found that 
after 2 hr. incubation there was a 30% inhibition 
of the uptake of **=P into DNA. Incubation with 
32P 3-5 hr. after radiation produced 69 % inhibition 
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in the uptake of P into DNA and about 30% in- 
hibition of that into RNA. Cell counts at 2 and 
5 hr. after 600 r. under similar conditions indicated 
6-6 and 66% pyknosis respectively. In vivo, 
pyknosis is not present 2 hr. after 600 r. Although 
it was not demonstrated that the **P was incor- 
porated into lymphocyte DNA and not into that of 
more radiation-resistant reticulum cells, the inhibi- 
tion of uptake of **P into DNA by radiation may be 
correlated with previous findings that lymphocytes 
are exceptions to the law of Bergonie & Tribondeau 
(1906) linking sensitivity to radiation with dividing 
cells. 
Liver 

The results of experiments on liver in vivo 
similar to those already described for other rat 
tissues are shown in Table 4. Very little **P is 
incorporated into the DNA of normal liver, 
but the depression produced by 1000 r. has been 
observed by others (Hevesy, 1949; Kelly & Jones, 
1950). It was also found that incorporation of 32P 
into the RNA of normal liver was not reduced, and 
by isolating nuclei it was possible to show that 
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nuclear RNA was similarly unaffected. This 
was confirmed with regenerating liver where meta- 
bolism of DNA was inhibited while the nuclear 
RNA was not. 


Dose-response curves 


Hevesy (1955) and others had previously re- 
ported that in certain tissues such as regenerating 
liver a limit to the inhibition of metabolism of DNA 
was reached. This did not occur with the pyknotic 
response of lymph node cultures to irradiation 
(Trowell, 19526) nor for the inhibition of spleen 
and thymus (Patt, 1955). We therefore decided to 
measure the inhibition of incorporation of **P into 
rat-thymus nucleic acids in vivo by exposures from 
25 to 3200r. (Table 5). RNA was generally less 
affected than DNA, except at low exposures (25— 
150 r.), when little difference in sensitivity was 
detectable. When the probit inhibition—log dose 
curve was plotted for DNA (Fig. 1) a linear 
response was obtained with a very similar sensi- 
tivity to that found by Patt for involution of the 
thymus 3 days after exposure. 


Table 4. Incorporation of **P into rat-liver nucleic acids in vivo 2 hr. after 1000 r. X-radiation 


Specific activity as counts/min./yg. of P x 103/specific activity of blood inorganic phosphate. 








Cytoplasmic RNA Effect Nuclear RNA DNA 
a as % ’ ‘ ~ Control 
Control Irradiated control Control] Irradiated % Control Irradiated % RNA/DNA 
Normal liver 
1-6* 1-5* 94 5-3* 5-0* 94 0-18* 0-055* 31 8-9 
18-8 16 85 — —_— 3-6 35 97 5-2 
21-8 28-2 129 — — — 3-5 1-5 43 6-2 
8-3 8-5 102 -— = — — es a cam 
Regenerating liver 
2-5*f 2-3* 92 8-7* 8-4* 97 1-08* 0-68* 63 2:1 
44-5 36 81 —_ — — 42-5 11-0 26 1-05 
-§ - — 30 37°8 126 13-7 8-4 61 — 
* Not relative to specific activity of blood inorganic phosphate. + Hepatectomized 47 hr. before irradiation. 
t Hepatectomized 28 hr. before irradiation. § Hepatectomized 42 hr. before irradiation. 


Table 5. Effect of increasing exposure on incorporation of *?P into rat-thymus nucleic acids 


2 hr. after radiation. 


Specific activity relative to the specific activity of blood inorganic phosphate x 100. 








DNA RNA 
Dose nA ~ ——_—- — ——— 
(r.) Specific activity % inhibited Specific activity % inhibited 
Control 5-9, 5-2, 5-8, 5-9 — 10-8, 11-9, 11-7, 11-0 — 
25 5-1, 6-4 5 9-6, 11-4 9 
50 5-0, 4-8 14 9-1, 9:3 22 
100 4-4 23 7-9, 98 25 
150 3:1, 3-8 40 6-8, 9-0 35 
Control 2-8, 3-2, 5-2, 3-2 — 5-1, 6-4, 7-2, 6-0 
100 1-8, 3-3 29-5 a ao 
200 1-8 50 3-9, 58 22-5 
400 1-6, 1-1 62 2-9, 4:8 38-5 
800 1-0, 1-2 68 3:0, 2:9 52 
1600 0-85, 0-84 76-5 2-2, 26 61 
3200 0-57, 0-58 84 1-9, 22 67 
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Fig. 1. Probit inhibition—log dose curve for the effect of 
X-radiation on incorporation of *P into rat-thymus 
DNA. 


DISCUSSION 


As it was possible to isolate DNA nucleotides con- 
taining **P with the same specific activity as whole 
DNA it seemed probable that the isolation tech- 
nique developed by Deluca et al. (1953) was reliable, 
although these authors were uncertain whether 
they had achieved an incorporation into the DNA 
of nervous tissue in vitro. The damage sustained by 
the cells of the thymus during incubation rendered 
it unlikely that mitosis could take place so that 
energy-dependent incorporation of **?P into DNA 
in non-dividing tissue occurred. This is in agree- 
ment with the demonstrations of Howard & Pele 
(1951) and Lajtha et al. (1954) that the incorpora- 
tion of *P into DNA of bean-root tips or marrow 
takes place some time before division, during 
interphase. The pattern of incorporation in vitro 
has been shown to differ from that in vivo and the 
modification in uptake may be due either to trauma 
or to the removal of restraints. 

The effects of irradiation on lymph node cultures 
suggested that very early damage to the DNA- 
incorporating system ensued. At 2 hr. after 600 r. 
the pyknotic count was not increased above the 
control level, although there was a 30% inhibition 
of uptake of *7P into DNA. It has not yet been 
possible to correlate precisely the number of 
dividing cells in the cultures with the amount of 
32P incorporated, but if only the dividing cells are 
taking up phosphorus the inhibition produced by 
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radiation would affect an insignificant proportion 
of the cell population. However, by 5hr. after 
600 r. 69% of all the cells had pyknotic nuclei. 
This confirms that ‘mammalian cells may be 
injured...by X-irradiation through mechanisms 
apparently unrelated to an aberration in cell 
division or in growth generally’ (Patt, 1955). 

Incorporation of **P occurred very readily in 
vivo into both RNA and DNA in spleen, thymus, 
regenerating liver and the lymph nodes of young 
rats. In all these tissues the ratio of the specific 
activities of RNA to DNA was low, which is 
probably connected with mitosis in these organs. 
In liver the ratio was higher, although not as high 
as has been reported previously (Hammarsten & 
Hevesy, 1946). When the incorporation into 
thymus DNA was analysed the relative values were 
similar to those found by Smellie e¢ al. (1955) in 
rabbit tissues, though in our case the rate into 
guanine deoxynucleotide was slightly lower. 
Irradiation considerably depressed the incorpora- 
tion into the purine deoxynucleotides, that into 
the pyrimidine nucleotides being less affected. 
Harrington & Lavik’s (1955) data are difficult to 
compare with ours, as the DNA was examined at 
24hr. after 100r. They did, however, obtain an 
inhibition of uptake of *?P. 

We have already suggested (Stocken & Ord, 
1955) that at least two factors are likely to be con- 
cerned when results from different experiments are 
considered: the age of the animal will probably 
affect the mitotic count in any organ; secondly, in 
irradiation experiments the effects of total body 
radiation are not necessarily comparable with those 
obtained with direct exposure. A combination of 
these two effects may explain the quantitative 
differences which have been reported with re- 
generating liver. The dose-response curve found 
for 32P uptake into thymus DNA shows that in the 
intact animal the inhibition in this tissue is a 
simple function of the exposure, as has also been 
found in lymphocytes (Trowell, 1952a; Patt, 1955). 

Uptake of %2P into nucleic acids in vivo will of 
course be affected by changes in the availability of 
the phosphate pool. This is extremely difficult to 
investigate. Sherman & Forssberg (1954) and 
Forssberg & Klein (1954) have described periodic 
fluctuations in acid-soluble phosphates of liver and 
ascites tumour cells immediately after irradiation. 
Unpublished experiments with rat liver at 2 hr. 
after 1000 r. and rat thymus at 1 and 2 hr. after 
1000 r. showed that at these times both the specific 
activities and concentrations of inorganic phos- 
phate and of acid-labile phosphates with insoluble 
barium salts were normal. 

Inhibition of incorporation into RNA after 
radiation appears to depend on the tissue of origin. 
In liver the insensitivity of RNA confirms previous 
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studies (Payne, Kelly & Jones, 1952; Holmes & 
Mee, 1954; Smellie e¢ al. 1955); we also observed 
that metabolism of nuclear RNA was unaffected 
when that of DNA had been reduced. In lymph 
nodes, spleen and thymus uptake of *?P into RNA 
was reduced, but at 1000 r. the effect was less than 
that for DNA. These findings suggested that the 
radiation effects on RNA may be very closely 
connected with those on the nucleus, and although 
interference in DNA metabolism occurs in dividing 
cells the results with lymph node cultures indicate 
that nuclear damage embraces non-dividing cells 
also. The great sensitivity of dividing cells to 
radiation has been known for many years (Bergonie 
& Tribondeau, 1906), and it is obvious that in these 
cells interference in DNA synthesis would have 
serious effects which might well be communicated 
to the cytoplasm. The variation in sensitivity to 
radiation between normal liver and lymphocytes is 
well established. We suggest that the difference 
might reside in the larger amount of cytoplasm 
associated with the liver nucleus and its greater 
metabolic activity. Interaction with cytoplasmic 
metabolites might produce more destruction of 
free radicals, so that less damage is suffered by the 
nucleus; in addition, certain cytoplasmic functions 
of the liver might be less dependent on the nucleus 
and so able to continue apparently unperturbed. 


SUMMARY 


1. Uptake of **P by nucleic acids of spleen and 
thymus tissue in vitro has been demonstrated, and 
the pattern of this incorporation determined. 

2. Uptake of *?P by nucleic acids of lymph node 
cultures has been measured and has been found to 
be reduced by 600 r. X-radiation. 

3. X-radiation in vivo affects incorporation of 
32P into DNA in the tissues examined; RNA sus- 
ceptibility varies in different tissues. 

4. The difference in sensitivity of animal tissues 
to X-radiation is discussed. 
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Glucuronide Metabolism in Plants 
3. TRITERPENE GLUCURONIDES* 


By C. A. MARSH 
Rowett Research Institute 


(Received 3 


The action of the enzyme f-glucuronidase on 
simple plant glucuronides in which the aglycone is 
flavonoid in nature has been dealt with in previous 
papers in this series (Levvy, 1954; Marsh, 1955a, 6). 
Two triterpene glycosides containing glucuronic 
acid are known to occur in plants, and these have 
now been studied as substrates for 8-glucuronidase. 

Glyeyrrhizinic acid, much the better-character- 
ized of these triterpene glycosides, is present in 
large amounts in the root of liquorice (Glycyrrhiza 
glabra) and also in the commercial extract. There 
are numerous references to the occurrence of this, 
or a closely related, compound in many other plant 
genera (Czapek, 1925). It is a glucuronido- 
glucuronide of glycyrrhetic acid, a triterpene of the 
B-amyrin series (Ruzicka, Jeger & Winter, 1943), 
and the sugar residue has been shown by Lythgoe & 
Trippett (1950) to be a £-1’:2-diglucuronic acid. 
Considerable interest in glycyrrhizinic acid has 
recently been aroused by the pharmacological 
properties of the aglycone, which in some ways 
resemble those of deoxycorticosterone (Card et al. 
1953). 

A glycoside of oleanolic acid, a triterpene closely 
related to glycyrrhetic acid, has long been reported 
to be the chief constituent of sugar-beet ‘saponin’. 
Glucuronic acid was the only sugar known to be 
present in the glycoside, which was considered to 
be a monoglucuronide (Rehorst, 1929). We have 
obtained this glycoside from fodder beet, as well 
as from the waste from beet-sugar manufacture. 
Farm animals may ingest beet saponin from more 
than one source, since by-products from the 
refining of beet sugar are employed in the manu- 
facture of cattle cake. 


EXPERIMENTAL 


Methods 


Enzyme preparation and assay. The preparation of mouse- 
liver B-glucuronidase and the measurement of its activity 
were carried out as described by Levvy & Marsh (1952). 
In the estimation of glucuronic acid as reducing sugar by 
the method of Levvy (1946), protein was precipitated with 
trichloroacetic acid instead of copper tungstate (cf. Levvy, 


* Part 2: Marsh (1955a). 
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1954). Ammonium glycyrrhizinate, beet saponin and their 
aglycones did not interfere in these estimations. 

Analyses. Chromatograms were prepared on Whatman 
no. 1 paper in all-glass tanks at room temp., by the 
descending method. Measurement of NH, was carried out 
with Nessler reagent (Snell & Snell, 1949), A.R. (NH,).SO, 
being used as standard. Determinations of C, H and N 
were made by Weiler and Strauss, Oxford. Spectral 
absorption between 200 and 350 my. was measured with 
the Hilger Uvispek quartz spectrophotometer. All melting 
points are corrected. 


Materials 


Ammonium glycyrrhizinate. The procedure was based on 
those of Tschirsch & Cederberg (1907), Voss, Klein & 
Sauer (1937) and Lythgoe & Trippett (1950). Commercial 
‘glycyrrhizinum ammoniacale’ (905 g.) was extracted with 
2-21. of boiling acetic acid, and after cooling to about 50° 
the solution was separated from insoluble material on the 
centrifuge. The solid which was deposited after 2 weeks at 
room temp. was thrice recrystallized from acetic acid, 
washed with acetic acid and then with ethanol, and dried 
over KOH. The yield was 74 g. of crude ammonium gly- 
cyrrhizinate, and 40g. of this was dissolved in warm 20% 
(v/v) aqueous ethanol (800 ml.), made alkaline to litmus 
with conc. NH, soln. and filtered. Excess of basic lead 
acetate was added, and the precipitated lead salt was washed 
with 20% ethanol, suspended in 2 |. of 30% (v/v) aqueous 
ethanol, and decomposed with H,S. Lead sulphide was re- 
moved by centrifuging and the supernatant was evapor- 
ated to dryness in vacuo. The residue was recrystallized, 
with hot filtration, from 40% and then from 75% (v/v) 
aqueous ethanol to give 10-4 g. of pure ammonium gly- 
cyrrhizinate pentahydrate as colourless needles; m.p. 212- 
217° (decomp.) and [a]?? +46-9° in 40% ethanol (c, 1-5). 
Lythgoe & Trippett (1950) give [«]}¥ +43-2°. (Found: loss 
at 80° in vacuo 9-7%; equiv. by titration to pH 7, 477. 
Cale. for Cy .H,;0,.N,5H,O: H,O, 9-7%; equiv., 465. 
Found for anhydrous product: C, 59-4; H, 8-1; N, 1-68; 
NHsg, 1-98. Cale. for C,.H,;0,,.N: C, 60-0; H, 7-8; N, 1-67; 
NH, 2-03 %.) There was a single absorption maximum at 
248 mu. (0-1 mm in ethanol); €,,,,, 11 400. 

Glycyrrhetic acid. Ammonium glycyrrhizinate penta- 
hydrate (0-74 g.) was heated at 100° under N, with n- 
H,SO, (55 ml.) for 5 hr. The glyeyrrhetic acid (0-35 g., 90% 
of theory) was filtered off and recrystallized from 75% 
(v/v) aqueous ethanol, m.p. 284-285°. Voss et al. (1937) give 
m.p. 283° for «-glycyrrhetic acid. Absorption was almost 
identical with that of ammonium glycyrrhizinate, with a 
single maximum at 249 my. (0-1 mm in ethanol), €nax. 
12100. Nieman (1952) found optimum absorption at 


250 mu. 
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Saponin from sugar-beet waste. Preliminary experiments 
showed that this compound was present in various waste 
products from sugar refining supplied by the British Sugar 
Corporation, Cupar, Fife. The spent cake from the liming 
process was the most convenient source. 

Moist spent cake (2 kg., 840 g. dry weight) was suspended 
in water (4 1.), and mechanically stirred. Conc. HCl (about 
1-1 1.) was slowly added until effervescence had ceased and 
the pH of the liquid was 1-5-2. The mixture was centrifuged 
and the supernatant was discarded. After washing with 
0-05 n-HCl (800 ml.), the grey sediment was resuspended in 
water (1 1.) and 3N-NaOH was stirred in until the pH was 9. 
Alkali-insoluble material was separated by centrifuging 
and washed with 0-01N-NaOH and then with water. The 
combined supernatant and washings were brought to pH 2 
with 3Nn-HCl, and the precipitate which separated over- 
night at room temp. was washed with 0-05N-HCl and dried 
in vacuo at 80° over KOH. A total yield of 750g. was 
obtained from 13 kg. of moist lime cake. 

The powdered crude product was worked up in batches: 
100 g. was extracted twice with boiling methanol (total 
800 ml.), and the extract was evaporated to dryness. Since 
the residue contained nitrogen, it was suspended in water 
(500 ml.) and brought to pH 9 with NaOH. After main- 
taining the suspension at 80° for 15 min., it was cooled and 
centrifuged, and the sediment was discarded. The N-free 
glycoside was then precipitated with HCl. The combined 
batches gave a total product of 62g. To remove less-soluble, 
non-uronide impurities, this was dissolved in methanol 
(600 ml.) and ether (3 1.) was added. After filtering, removal 
of the solvent yielded a yellow solid (56 g.), which still 
contained the more soluble impurity, free oleanolic acid. 
This was removed by extraction with cold ether (500 ml.), 
leaving 31 g. of residue, m.p. 205-209° (decomp.). Recrys- 
tallization of the glycoside from ethyl acetate gave a white 
powder, m.p. 217-219° (decomp.). Eis, Clark, McGinnis & 
Alston (1952) quote m.p. 214-216° (decomp.) for sugar-beet 
saponin. After drying at 80° in vacuo over P,O,, the loss in 
weight was 8-9%. [Found for anhydrous product: C, 62-7; 
H, 8-1. Cale. for C,,H¢,0,, (see below): C, 63-5; H, 8-4%. 

Saponin from fodder-beet. Freshly cut fodder-beet (var. 
Red Otofte), from the Duthie Farm attached to this 
Institute, was used. Only the epidermal layer yielded 
appreciable amounts of acid-precipitable material (ef. 
Grebinskii & Lenkova, 1949, 1950). Finely grated peel 
(500 g. from 3 kg. of whole beet) was suspended in 21. of 
0-1N-H,PO,-NaOH buffer, pH 7, and stirred for 2 hr. at 
100°. The liquor was strained through muslin, concentrated 
in vacuo to 500 ml. and centrifuged. After the clear super- 
natant had been brought to pH 2 with conc. HCl, it was set 
aside at 0° overnight. The precipitate which formed was 
separated by centrifuging and washed with 0-05 Nn-HCl, and 
the glycoside was extracted with NaOH and reprecipitated 
with HCl, to yield a brown, amorphous, N-free product 
(2-0 g.). This was dissolved in hot methanol, and the solu- 
tion was filtered. After removal of methanol, the residue 
was extracted with cold ether to remove oleanolic acid. 
Recrystallization of the ether-insoluble residue from ethyl 
acetate, with hot filtration, gave a white powder, m.p. 
214-216° (decomp.), not depressed by admixture with the 
product from sugar-beet waste. The material insoluble in 
ethyl acetate gave a strong Tollens colour reaction, and 
left an appreciable residue on combustion. It thus 


resembled the glycoside-salt complex from sugar-beet 
described by Eis et al. (1952). 


1956 


The pure products from sugar- and fodder-beet gave 
strong Tollens colour reactions for uronic acid, and reduced 
Fehling’s solution only after hydrolysis with 2N-HCl at 
100° for 15 min. 

Oleanolic acid. A solution of beet saponin (1-0 g.) in 
ethanol (10 ml.) was added to 4N-HCl (10 ml.), and the 
mixture was refluxed for 4 hr. The precipitate (0-42 g.) was 
extracted with cold ether (20 ml.). Crude oleanolic acid 
(0-38 g.) from the ether extract was thrice recrystallized 
from 80% (v/v) aqueous ethanol and finally from absolute 
ethanol; the product had m.p. 304-306°, [a«]}? +76° in 
CHCl, (c, 1). M.p. and mixed m.p. of products from sugar- 
and fodder-beet were identical. According to van der Haar 
(1927), oleanolic acid from sugar-beet has m.p. 307-308° 
and [a] }? +79-5°. 

Preparation of oleanolic acid monoacetate according to 
the method of Markley, Sandor & Hendricks (1938) gave 
products from sugar- and fodder-beet with m.p. and mixed 
m.p. 263-264°. Markley et al. (1938) quote m.p. 264-265°. 

4-O-Methyl-p-glucurone. The amide of methyl 4-0- 
methyl-«-p-glucuronide prepared from mesquite gum 
(Smith, 1951) was warmed with dilute NaOH (Smith, 1951) 
to decompose the amide group. The solution was made N 
with respect to HCl and boiled for 5 hr. to split the glyco- 
side link. Chloride ion was removed by shaking with 
Ag,CO,. The filtered solution was treated with Amberlite 
IR-120 (H) to remove cation, and taken to dryness in vacuo 
to yield a yellow gum, which behaved titrimetrically 
(Marsh, 1955c) and chromatographically (see Fig. 2) as a 
lactone. Neither the starting material nor the final product 
gave the Tollens colour reaction for uronic acids. 


RESULTS 
Hydrolysis by B-glucuronidase 


The liberation of reducing sugar, calculated as 
glucuronic acid, from ammonium glycyrrhizinate 
and beet saponin in presence of mouse-liver f- 
glucuronidase is shown in Table 1. Parallel 
experiments were done with (—)-menthol «- and 
B-p-glucuronides: as previously noted (Levvy & 
Marsh, 1952), the «-anomer was not hydrolysed by 
the enzyme. f-Glucuronidase liberated reducing 
sugar from ammonium glycyrrhizinate, and this 
effect was suppressed by boiled saccharate solution 
(Levvy, 1952), a specific inhibitor for the enzyme. 

Fig. 1 shows that prolonged incubation of 
ammonium glycyrrhizinate with the enzyme led to 
the liberation of two molecules of glucuronic acid 
from each molecule of glucuronide present. In a 
larger-scale experiment, 0-12 g. of ammonium gly- 
cyrrhizinate pentahydrate was incubated with the 
enzyme for 120 hr. at pH 5-2. At the end of this 
period, 79 % of the glucuronic acid was liberated as 
reducing sugar. The white precipitate which had 
formed was separated by centrifuging, washed with 
water and extracted with ethanol. Evaporation of 
the ethanolic extract yielded 0-048 g. of glycyrrhetic 
acid (corresponding to 76% hydrolysis), which 
after recrystallization from 70% (v/v) aqueous 
ethanol had m.p. 287—289°. There was no depres- 
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Table 1. Liberation of reducing sugar from ammonium glycyrrhizinate and beet saponin 
by mouse-liver B-glucuronidase 


Hydrolysis mixture (0-8 ml.) incubated for 2 hr. at 37° and pH 5-2 in sodium acetate-acetic acid buffer, final concentra- 
tion 0-125. Saccharate solution boiled for 30 min. before use. 


Glucuronic 
Conen. acid liberated Hydrolysis Inhibition 
Substrate (mm) Inhibitor (ug-) (%) (%) 
{ —)-Menthol «-p-glucuronide 5 None 0 0 _— 
( —)-Menthol B-p-glucuronide 10 None 127* 8 —_— 
{ —)-Menthol B-p-glucuronide 10 Saccharate 15* 1 88 
(0-025 mm) 
Ammonium glycyrrhizinate 1 None 79 137 _ 
Ammonium glycyrrhizinate 1 Saccharate 5 lt 94 
(0-025 mm) 
Beet saponin 0-08 % None 0 0 — 


* Enzyme preparation diluted 1:1. 


Y 
So 


Moles of glucuronic acid 
liberated/mole of glycyrrhizinate 
6 


. 2 «= 40:té«‘“istC(té«éaSC‘«‘SC«édO 
Incubation period (hr.) 
Fig. 1. Liberation of glucuronic acid from mM ammonium 
glycyrrhizinate by mouse-liver f-glucuronidase after 
varying periods at 37° and pH 5-2. 


sion of the m.p. on admixture with the aglycone 
prepared by acid hydrolysis. It is evident that 
both glucuronide residues in glyecyrrhizinic acid 
have the £-configuration. 

Unlike ammonium glycyrrhizinate, the beet 
saponin never showed any liberation of reducing 
sugar on incubation with 8-glucuronidase (Table 1). 


Chromatographic analysis of the sugar 
residue in beet saponin 


8-Glucuronidase has been shown to be specific 
for B-glucopyranuronides (Levvy & Marsh, 1952). 
If beet saponin is an «-glucuronide or a gluco- 
furanuronide, it should not be hydrolysed by the 
enzyme. The failure to observe hydrolysis might, 
however, also be due to the presence of a substituent 
in the glucuronide residue. This possibility was 
examined by paper chromatography. 


t Calculated on diglucuronide. 
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Fig. 2. Paper chromatography of the sugars present in acid 
hydrolysates of beet saponin. Chromatograms run for 
46 hr. Spots: 1, beet saponin; 2, xylose; 3, glucose; 4, 
galactose; 5, 4-methylglucurone; 6, glucurone; 7, gal- 
acturonic acid. A, Solvent, n-butanol—pyridine—water; 
spray, aniline phosphate in butanol. B, Solvent, n- 
butanol-acetic acid—water; spray, benzidine-trichloro- 
acetic acid. C, Solvent, n-butanol-acetic acid—water; 
spray, naphthoresorcinol in HCl. Faint spots are indi- 
cated by broken lines. 


The acid hydrolysate from the preparation of 
oleanolic acid (see above) was filtered and evapor- 
ated in vacuo to give a brown gum. This was dis- 
solved in water and shaken with Ag,CO, to remove 
chloride ion. After filtration through charcoal, the 
solution was shaken with Amberlite [R-120 (H) for 
l hr. to remove cation. Evaporation of the resul- 
tant colourless solution in vacuo yielded a pale- 
yellow gum (0-29 g./g. of saponin), which was 
dissolved in water. 

The chromatographic solvent was either the 
upper phase of a n-butanol—acetic acid—water 
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mixture (4:1:5, by vol.) or a n-butanol—pyridine— 
water mixture (10:3:3, by vol.). p-Glucurone gave 
only one spot (unchanged lactone) in the former 
solvent, and two (glucurone and glucuronic acid) 
in the latter. p-Galacturonic acid and 4-O-methyl- 
p-glucurone always gave single spots, correspond- 
ing to the free acid and unchanged lactone re- 
spectively. The chromatograms were sprayed with 
benzidine-trichloroacetic acid, aniline phosphate in 
n-butanol or naphthoresorcinol in 0-5N-HCl. All 
the reference compounds of Fig. 2 reacted with 
benzidine. The uronic acids gave only a faint 
reaction with aniline. Naphthoresorcinol was 
completely specific for the unsubstituted uronic 
acids or lactones. As shown in Fig. 2, the beet 
saponin hydrolysate contained glucuronic acid and 
a hexose, probably glucose, in approximately 
equal proportions. Traces of xylose were sometimes 
observed, derived no doubt from decarboxylation 
of glucuronic acid during the acid hydrolysis. The 
other reference compounds were absent from the 
hydrolysate. 

The percentages of C and H in the saponin were 
in accordance with the theory for a compound 
(Cy.H,,0,,) containing one molecule of glucose and 
one of glucuronic acid for each molecule of oleanolic 
acid (see above). 


Inhibition of the hydrolysis of 
phenolphthalein glucuronide 


As expected, ammonium glycyrrhizinate de- 
pressed the release of phenolphthalein from phenol- 
phthalein glucuronide by mouse-liver B-glucuroni- 
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dase. The effect depended on pH. In a concentra- 
tion of 0-1mm (about 0:01%), glycyrrhizinate 
caused 51% inhibition of the hydrolysis of 0-5 mm 
phenolphthalein glucuronide at pH 4-5, and 34% 
inhibition at pH 5-2. Fig. 3 shows the effect of 
varying the substrate concentration at fixed 
inhibitor concentration. It can be seen that in- 
hibition was in part competitive and in part non- 
competitive, since both K,,, the dissociation con- 
stant of the active enzyme-substrate complex, and 
V,,, the maximum rate of hydrolysis, were altered. 
Analysis of the results by the method of Line- 
weaver & Burk (1934), as modified by Dixon 
(1953), gave values at pH 5-2 of 0-185 and 0-21 mm 
for K;, the dissociation constant of the enzyme-— 
inhibitor complex, for the competitive and non- 
competitive components respectively. At pH 4-5, 
the corresponding values were 0-37 and 0-081 mM. 
Decreasing the pH increased the affinity (1/K,) of 
the non-competitive component at the expense of 
the competitive one. As usual, excess of phenol- 
phthalein glucuronide depressed the activity of the 
enzyme. 

The competitive component in the inhibitory 
action of glycyrrhizinate can be explained by the 
fact that it is an alternative substrate for the 
enzyme. Since the inhibitor is a £f’-diglucuronide, 
K, (competitive) must itself be a composite value. 
In a concentration of mm, glycyrrhetic acid caused 
only small, variable inhibitory effects, never 
exceeding 6%, in the hydrolysis of 0-63 mm 
phenolphthalein glucuronide. It would therefore 
appear that the non-competitive component in the 
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Fig. 3. Effect of varying the phenolphthalein glucuronide concentration (S) on the rate of release of phenolphthalein 
(v) by mouse-liver B-glucuronidase in presence (@) and absence (O) of 0-1 mm ammonium glycyrrhizinate. Incubation 
for 1 hr. at 38° and pH 4-5 (a) and 5-2 (b) in 0-125N sodium acetate—acetic acid buffer. A single enzyme preparation 
was used throughout. Results are plotted as 1/v against 1/S (Dixon, 1953). The intercept on the vertical axis is equal 
to 1/V,, and on the horizontal axis to —1/K,, (see text). 








eee RRR 0 ne 
ee  E—™ 





Vol. 63 





20 -10 0 10 20 30 40 #50 
1073/5 


Fig. 4. Effect of varying the phenolphthalein glucuronide 
concentration (S) on the rate of release of phenol- 
phthalein (v) by mouse-liver f-glucuronidase in the 
presence (@) and absence (QO) of 0-04% (w/v) beet 
saponin at pH 5-2. Details as in Fig. 3. 


inhibitory action of ammonium glycyrrhizinate 
was due to the intact glycoside or its half-hydro- 
lysis product. 

Beet saponin, which is not a substrate for the 
enzyme, inhibited the hydrolysis of phenol- 
phthalein glucuronide by f-glucuronidase, and the 
effect was entirely non-competitive (Fig. 4; 
K,;=0-084%). Oleanolie acid caused no inhibition. 


DISCUSSION 


The complete hydrolysis of glycyrrhizinie acid by 
B-glucuronidase proves that both of the glucuronic 
acid residues have the f-configuration. So far as 
the interglucuronide link is concerned, this is in 
agreement with the conclusions arrived at by 
previous workers from degradation studies (Voss & 
Pfirschke, 1937; Lythgoe & ‘Trippett, 1950). 
Lythgoe & Trippett (1950) carried out partial acid 
methanolysis of fully methylated _glycyrrhizinic 
acid. From the molecular rotation of the methyl- 
ated methyl diglucuronide thus obtained, they 
calculated that the methyl-glycoside link had the 
«-configuration: From this they reasoned that the 
bond between the aglycone and the disaccharide 
residue in glycyrrhizinic acid also had the a- 
configuration. In general, however, acid methano- 
lysis of a glycoside bond, irrespective of its con- 
figuration, results in an equilibrium mixture of «- 
and £-methyl glycosides, in which the «-anomer 
may predominate (e.g. see Smith, 1951). 

Three possible explanations of the fact that,:in 
spite of the presence of a glucuronide residue, beet 
saponin was not hydrolysed by £-glucuronidase 


TRITERPENE GLUCURONIDES 13 


are: (a) the glucuronide residue has the «-configura- 
tion; (b) it is in the furanose form; (c) the presence 
of a substituent in the glucuronide residue prevents 
hydrolysis of a B-glucopyranuronide link by the 
enzyme. Levvy & Marsh (1952) obtained some 
evidence for the failure of 8-glucuronidase to act on 
an O-substituted glucuronide (cf. Linker, Meyer & 
Weissmann, 1955). Chromatographic evidence for 
the presence of a second sugar, probably glucose, in 
the saponin molecule is consistent with the third 
possibility. There being only one hydroxyl] group in 
oleanolic acid, the two sugar residues in beet 
saponin must be linked together, although there is 
no evidence for the structure of the disaccharide 
residue. A fourth possibility, that the glucuronic 
acid residue in beet saponin is in the form of the 
lactone, can be discounted, since the saponin 
titrated entirely as a free acid. 

Although it was not a substrate for 8-glucuroni- 
dase, beet saponin resembled glycyrrhizinic acid to 
the extent of causing non-competitive inhibition of 
the enzyme. Inhibition of this enzyme is not, it 
should be noted, a general property of triterpene 
saponins (cf. Rossiter & Wong, 1950). 


SUMMARY 


1. Both the glucuronide residues in ammonium 
plycyrrhizinate were removed by hydrolysis with 
B-glucuronidase, proving that this glucuronido- 
glucuronide has the £’-configuration. 

2. Although it contains a glucuronide residue, 
beet saponin was not hydrolysed by £-glucuroni- 
dase. Chromatographic analysis of an acid hydro- 
lysate revealed the presence of a second sugar, 
probably glucose, in this glycoside. The possible 
structure of the glycoside group is discussed. 

3. Beet saponin and ammonium glycyrrhizinate 
acted as non-competitive inhibitors in the hydro- 
lysis of phenolphthalein glucuronide by £-glucu- 
ronidase. In addition, the glycyrrhizinate be- 
haved, as expected, as a competing substrate for 
the enzyme. 

The authors wish to thank Mr J. T. Worgan for assistance 
in preparing ammonium glycyrrhizinate, Dr P. N. Hobson 
and Dr B. H. Howard for advice on chromatography, and 
the British Sugar Corporation for gifts of by-products from 
beet-sugar refining. 
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Studies in the Reaction of Amino and Imino Compounds with Sugars: 
the Reaction of Histidine with Glucose 
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The reaction of amino acids, peptides and proteins 
with various sugars has been extensively investi- 
gated and reviewed (Danhey & Pigman, 1951), but 
the results obtained have been more often than not 
contradictory. These discrepancies may be due to 
various causes, most prominent being the failure to 
obtain equilibrium conditions and the likelihood 
that different types of reaction take place at 
different concentrations, pH values and temper- 
atures. The effect of concentration of glucose or 
amino acid on the equilibrium constant and the 


degree of combination at different pH values was . 


studied at a single temperature by Katchalsky 
(1941) and by Frankel & Katchalsky (1941). They 
used a potentiometric technique similar to that 
employed by Levy (1933) and by Balson & Lawson 
(1936), who investigated the 
amino acids with formaldehyde. The procedure 
involved measurements of the decrease in pH 
brought about by the combination. Katchalsky 
(1941) interpreted his results in terms of combina- 


tion between one molecule of the anionic form of 


the amino compound and one molecule of glucose, 
and he calculated the corresponding equilibrium 
constants for the one temperature (23°) employed. 
He also stated that the values of the equilibrium 
constants were generally independent of the con- 
centration of both components and of pH over the 
His method of varying the concen- 


range 7-9. 


combination of 


trations was to mix different quantities of the two 
stock solutions (i.e. the amino acid solution 
adjusted to a certain pH and the glucose solution), 
and to keep the total volume constant. However, 
such a procedure cannot be considered ideal, since 
increase in the concentration of one component is 
accompanied simultaneously by decrease in concen- 
tration of the second component, and this may 
result in masking of opposing effects on the 
equilibrium constant. The fundamental work of 
Frankel & Katchalsky (1941) left unsolved the 
problem whether the reaction between amino com- 
pounds and sugars was of the same type at other 


temperatures. Several investigators, including 
Borsook & Wasteneys (1925), Euler, Brunius & 
Josephson (1926a,b) and Lieben & Getreuer 


(1932), observed that amino acid—glucose mixtures 
were capable of reducing methylene blue at 37° and 
higher temperatures. The present author has con- 
firmed most of these observations and examined the 
kinetics of the glycine—-glucose reduction of several 
indicators (unpublished work). This oxidation— 
reduction reaction is of physiological interest, since 
its mechanism may parallel some of the steps in- 
volved in the enzymic dehydrogenation of glucose. 
The ‘browning reaction’ in amino acid—sugar 
mixtures indicates that amino compounds and 
glucose may combine or react in more than one 
way, and it is therefore possible that the reaction 
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which results in the reduction of redox indicators is 
of a special type. It was thought desirable to in- 
vestigate the amino acid—sugar combinations at 
several temperatures before proceeding further 
with the oxidation—reduction reaction. Holden & 
Freeman (1931) followed the combination of 
histidine, tyrosine, alanine, lysine, cystine, glycine 
and glutamic acid with formaldehyde at pH values 
over 7, and they stated that the reaction with 
histidine is the fastest. Also, Levy (1935) and 
Frieden, Dunn & Coryell (1943) found marked com- 
bination between histidine and formaldehyde. The 
extent of reaction between amino acids and formal- 
dehyde could be indicative of the reaction between 
glucose and amino acids. Further, Westheimer 
(1937) found that, of the various amino acids 
examined, histidine was by far the most powerful 
catalyst in the pH range 4-6-5. Both Kubota 
(1941), working at 25°, and Agren (1940), work- 
ing at 40°, found that histidine combines with 
glucose, but no attempt was made by either to 
study the combination in detail or to calculate 
the equilibrium constants of the reaction. In view 
of this, the reaction of histidine with glucose 
was investigated first. 


THEORETICAL 


The scheme proposed here for the combination of amino 
acids with glucose is similar, in part, to the schemes 
proposed by Katchalsky (1941), by Levy (1933) and by 
Balson & Lawson (1936) for the combination of amino acids 
with glucose and with formaldehyde. It takes into con- 
sideration the reaction of glucose with both the zwitterion 
and the anion forms of the amino acid. Equations have 
been deveioped for the vombination with one or with two 
molecules of glucose. The overall mechanism (Fig. 1) 
includes both combinations, and to make the distinction 
clear the equilibria associated with the second glucose 
combination are represented in bold type. 

In Fig. 1 HR is the zwitterion form of the amino acid, 
G, R’, H*, RG” and RGH represent glucose, the anion 
form of the amino acid, the hydrogen ion, the ionized form 
of the anion—monoglucose complex, and the zwitterion— 
monoglucose complex respectively. RGG and RGGH 
represent the anion—diglucose complex and the zwitterion— 
diglucose complex respectively. 
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Combination with one glucose molecule 


The following have been taken into consideration: 
(a) Law of Mass Action requirements: 


-_{R7][H*) 

K= ~ [RH] ’ (1) 
= a Le) @) 
(R167 : 

G 
Ren) (3) 


1 [RH] [G]" 
(b) Requirements of electrical neutrality. 
state, ie. in the absence of glucose, 
[R°],+[OH ],=[M")},+[H"],, (4) 
where [M*] represents any metal ions added in the course of 
alkali addition. Over the approximate pH range 5-9, the 
{H*] and [OH ] do not exceed the approximate value of 
10-5, and if the amino acid and alkali concentrations are 
much greater than this value the reduced electroneutrality 
equation is obtained: 
[R-)=[M*}. (5) 
In the presence of glucose, when equilibrium has been 
attained, 


In the initial 


[R],+{RG ],+[OH ].=[M"], +[H"].- (6) 
As before, this may be reduced to 
[R'].+[RG ], =[M*].. (7) 


If we compare only those cases in which the amino acid 
solution and the amino acid-glucose solution contain the 
same quantity of alkali added, we have 


[M*},=[M"},. (8) 
Hence, combining equations (5), (7) and (8), we have 
[R']j,=[R ],+[RG }.. (9) 


(c) Total requirements. The totals of the concentrations of 
the various forms of the amino acid before and after 
combination with glucose are equal. Thus, 

[RH], +[R ],=[RGH],+[RG ],+[RH],+[R ],- (10) 
Cancelling [R ]; by [R'], plus [RG™],, according to 
equation (9), followed by substitution for [RH] in terms of 
(1) and for [RGH)], in terms of (3) and (1) gives 

[RMH*} (RH, Le1G),  (RoL{A*). 

K K K ; 

Cancelling K, substituting for [R], in terms of (9) followed 

by substitution for [RG] in terms of (2), and subsequent 
cancelling of [R ], gives 


(11) 


[H*}{1 + Ly[G],} =[H"].{1 + LF (G].}. (12) 
Rearranging, we obtain 
HB" 1+L,;[G 
| - le antilog ApH = — ul J (13) 
[H*], 1+ L(G), 
since ApH = pH, - pH, =log {(H*]}/[H*]}. (14) 


If, however, the combination of glucose with the zwitterion 
is very small compared with that of the anion, then 
L;(G), <1 and equation (13) reduces to 
antilog ApH =1 + Ly [G],. (15) 
The last equation is the same as that derived by Katch- 
alsky (1941) for the combination of amino acids with 
glucose, on the assumption that only the anion form of 
the amino acid reacts with glucose. Consideration of the 
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Katchalsky derivation shows, however, that he assumed 
(a) that the complex RGH is completely ionized, and 
(b) that the Henderson—Hasselbalch type of equation 
(which strictly can apply only to one acid at a time) could 
be applied to both the RH and RGH dissociations as one 
fraction, by considering RGH absent and RG directly 
derived from RH. 

Such assumptions are unnecessary, since the strict 
derivation given above leads to the same result. It is 
intended to consider the results of such assumptions and 
their possible cancellations in a separate publication. 


Combination with one and two glucose molecules 


Extension of the amino acid-glucose combination to 
include the combination of two glucose molecules, as 
shown in the overall scheme, requires the inclusion of the 
following equations. 

(a) Equilibrium requirements: 


[RGG"] ‘ 
Ly ===; (16) 
*  [R](GF 

[RGGH] ‘i 


‘@ (RH) (GP 

(b) Electroneutrality requirements. Equation (5) still 

represents the initial state, ie. in the absence of glucose. 

In the presence of glucose, when equilibrium has been 
attained, the simplified equation is 

[R~], +(RG™], +[RGG"], =[M*], 

(c) Total requirements. The following equation has to be 

substituted for equation (9): 


[RH], +[R-],=[RGH], +[R-].+{[RG], 
-(RH], +[RGG ], +[RGGH].,. 


[M*],=[R J. (18) 


(19) 


Cancellation by introducing equation (18) into equation 
(19) gives 


[RH]; =[RGH)], +[RH], +[RGGH],. (20) 
Substitution then gives 
[RH], (HL 2FIR LLG) (R J{H") 
KO K ; K 
LF{R }).[H*){GP 
IR UMUGE 4) 


K 
Cancellation of K, substitution for [R ]; and rearrangement 
gives 


[H*}[R {1 + Ly1G]. + LelGh} 


-[H*]{R],{1 + L¢1G],+L¢(GR}. (22) 
Cancelling [R ], and rearranging, we obtain 
[H*}. ; 1+L;[G], +La{Ghe 
——~ =antilog ApH ~ —» (23) 
[H | 1 + L#[G), + LF(GR 
Only if both monoglucose-zwitterion and _ diglucose— 


zwitterion combinations are negligible compared with the 
glucose anionic combinations does equation (23) reduce to 


antilog ApH =1 + L;[G], + L5[GR. (24) 


Equations (13), (15), (23) and (24) represent the various 
possibilities in the overall scheme of combination. 

To facilitate calculation the assumption will be made 
that the glucose concentration at equilibrium is practically 
the same as that initially introduced when the glucose 
concentration is many times greater than that of the amino 
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acid. This assumption is reasonable, particularly when the 
value of the equilibrium constant is small, as was found in 
the histidine-glucose combination. 


EXPERIMENTAL 


Materials. u-Histidine monohydrochloride of analytical 
quality (L. Light and Co., Colnbrook, Bucks.) was em- 
ployed throughout; p-glucose and sodium hydroxide were 
also of analytical quality (British Drug Houses Ltd. and 
Hopkin and Williams Ltd.). Solutions of NaOH were 
carbonate-free. 

All solutions were made in hard-glass distilled water 
(conductivity 2-2-6 reciprocal MQ). All reaction vessels 
kept in the thermostats were of hard glass. The vessels 
were initially thoroughly cleaned with ‘ permanganic acid’, 
followed by many washings with hot tap-water and several 
washings with distilled water and steaming for several 
minutes. 

Procedure. Experimental procedure used was to follow 
the decrease in pH caused by the reaction in histidine— 
glucose solutions of different initial pH values. Constant- 
volume techniques were employed throughout. A control 
tube containing amino acid and sodium hydroxide was 
made up to a certain volume with distilled water. Other 
tubes containing identical quantities of histidine and 
sodium hydroxide, but different quantities of glucose, 
were made up with distilled water to the same volume as 
the control. Several such sets were made, each with the 
same histidine concentration, but different initial pH, so as 
to enable a titration curve to be obtained from pH 5 to 9. 
These experiments were repeated with other histidine con- 
centrations. Some sets were duplicated. The reaction was 
studied generally under anaerobic conditions, but occasion- 
ally also under aerobic conditions. 

pH measurement. The pH measurements were carried out 
with lithium-glass electrodes, at 20°, 30°, 40° and 50°; 
temperature was controlled within +0-04°. The pH values 
of the control were measured as well as those of the tubes 
containing different quantities of glucose; the pH measure- 
ments were usually followed for over 6 weeks, and in some 
cases over 3 months. Sterility was ensured by addition of 
toluene to, and frequent shaking of, each tube. The pH 
measurements were carried out in the various thermo- 
jackets developed by the author (Lewin, 1953). These 
required less than 1 ml. of solution for individual pH 
measurements. Glass electrodes were standardized with 
both borate and phthalate buffers; occasionally phosphate 
was used for a further check. Agreement was usually 
within + 0-01 pH. Checks on the glass-electrode standardi- 
zations were carried out frequently during each set of 
measurements; reproducibility was within the above limits. 
In the few cases when certain glass electrodes did not obey 
the strict hydrogen-electrode function, but showed re- 
producible and strict dZ/dpH linearity, calibration curves 
were used to ensure accurate determinations (Lewin, 1955). 

Corrections to pH values. Balson & Lawson (1938) have 
maintained that the negative pH shift obtained on the 
addition of glucose to an amino acid solution was due solely 
to the acid dissociation of glucose and not to any combina- 
tion between them. However, Frankel & Katchalsky 
(1938) have shown that this is not the case and that in the 
approximate pH range 7-9 any negative shifts due to the 
acidity of glucose are quite small; Katchalsky (1941) went 
further and assumed that over this pH range glucose 
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behaves as a non-electrolyte, and he consequently ignored 
such dissociation. In the present investigation, the glucose 
solutions used for making up the histidine-glucose mixtures 
were not initially adjusted either to the initial pH of the 
histidine solution or to the subsequent, first steady pH-state 
value. The titration of glucose shows, however, that after 
about pH 8 the slope of the curve increases noticeably, and 
therefore it was deemed necessary to assess the effect of the 
acid dissociation of glucose on the depression of pH values 
and to correct these correspondingly. The value of the 
correction depends on the relative values of the buffering 
capacity of the histidine and glucose solutions at the 
concentrations used and on the pH when the steady pH 
states have been attained, and not on the initial pH. 
Calculations showed the correction values to be generally 
well below 0-01 pH. Since the experimental variation was 
usually within 0-02 pH, and since the variation in the 
value of the equilibrium constant given (i.e. +0-2) more 
than covers this variation and made allowance when 
somewhat greater variations were obtained, such correc- 
tions are well within the overall experimental error. They 
were therefore considered negligible. This applies to the 
various data quoted in this paper, with the exception of the 
solutions with an initial pH value of 9-12 at 20°, where the 
calculated values of the corrections at the lower glucose 
concentrations were outside experimental error, i.e. about 
0-04 pH. In this case, the corrections were applied. 

It is necessary to emphasize that the above calculations 
were based on the titration curve of freshly prepared 
glucose solutions, which were used throughout this in- 
vestigation. Old (e.g. 6-month-old) glucose solutions, 
which were kept under toluene and which showed no signs 
of attack by micro-organisms, give titration curves which 
require more than twice the amount of sodium hydroxide 
required for fresh solutions to reach a given pH under 
identical conditions. 


RESULTS 


Several consecutive steady pH states have been 
noted, as is described below in section (e) (3). 
The results given in sections (a), (b), (c) and 
(d) are concerned only with the first steady pH 
state. 

(a) Dependence of ApH on the initial pH. In 
Fig. 2 are shown the titration curves of 0-026m 
L-histidine monohydrochloride, at constant volume, 
with and without glucose at 40°. It will be seen 
that over the pH range 5-6-5 the presence of 
glucose does not cause depression in the pH values 
of the histidine-sodium hydroxide mixtures. This 
indicates that no histidine-glucose combination 
takes place over this pH range. Above pH 6-5 the 
titration curves diverge, and over the approximate 
pH range 7-6—8-8 the pH depressions are practically 
independent of the initial pH. At higher pH, 
however, ApH increases considerably. There, how- 
ever, the second nitrogenous group present in the 
histidine may begin to combine with the glucose, 
thereby giving rise to greater pH depressions. . 

The pH in the (no glucose) control tubes re- 
mained steady over the period during which the pH 
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Fig. 2. Effect of glucose on the constant-volume titration 
curve of L-histidine monohydrochloride (0-026m) with 
sodium hydroxide at 40° in the first steady pH state. 
@, Histidine; x, histidine plus 0-2m glucose; O, 
histidine plus 0-4™ glucose. 


Table 1. Variation of pH of 0-016m L-histidine 
monohydrochloride solutions (containing various 
quantities of alkali) with temperature 
55 ml. of 0-2M histidine-HCl mixed with 0-49 n-NaOH 

(see col. 1); each soln. diluted with water to give 0-016 m 

histidine. 





NaOH pH at 
added P A ‘ 
(ml.) 20° 30° 40° 50° 
22-95 8-47 8-26 8-05 7-81 
24-5 8-70 8-50 8-30 — 
26-5 —- 8-72 8-50 8-25 
28-5 9-12 8-92 8-68 — 
30-5 — 9-08 8-85 8-61 


measurements were taken. The pH values in the 
series of tubes containing the 0-2 and 0-4m glucose 
dropped continuously, after mixing, and attained, 
within a day, values which remained steady over 
the subsequent 3-4 days; the latter are the pH 
values recorded in the respective curves. Similar 
results were obtained for the dependence of the 
ApH on the initial pH, at other temperatures. 
However, the curves were now found to have been 
displaced towards the higher pH values as the 
temperature was lowered. Thus, for 0-3m glucose 
concentration, at 20°, at an initial pH of 7-60 the 
ApH obtained was only 0-09, but this increased to 
0-32 at initial pH 8-47, the latter ApH value re- 
maining the same as far as an initial pH 8-80. 
This displacement parallels the displacement of the 
histidine-titration curve with temperature which 
is given in Table 1. 

(b) Dependence of ApH on the histidine concentra- 
tion and the glucose concentration in the first steady 
PH state. (1) ApH and histidine concentration: the 
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ApH was found to be practically independent of the 
histidine concentration at 20°, but some increase 
of the ApH was found with decreasing amino acid 
concentration at higher temperatures (see Table 2). 

It is pertinent to note here that histidine solu- 
tions are remarkably good buffers with pH values 
that are hardly affected by dilution (see Table 3). 

(2) ApH and glucose concentration: the pH 
depressions increased with rise in glucose concen- 
tration at all histidine concentrations and temper- 
atures examined. In Fig. 3 the antilogarithm of the 
pH depression is plotted against the glucose con- 
centration at various initial pH values and temper- 
atures. The plots are mainly linear, having an 
intercept of unity on the ordinate. However, at the 
highest glucose concentration (1-2mM) and particu- 
larly at the highest initial pH, positive deviations 
outside experimental error are found [e.g. curve 
(a) at initial pH 9-12]. On the other hand, below 
pH 8 lower slopes are found (which is in agreement 
with the smaller pH depression values obtained for 
the intermediate range at 40°; see Fig. 2) which 
give, however, straight lines over the entire glucose 
concentration range. See Fig. 3(f) for initial 
pH 7-81 at 50°. 

The straight-line relationship obtained over the 
approximate initial pH range 8-9 is in agreement 
with equation (15) and shows that the first reaction 
is primarily in terms of one glucose molecule 
combining with one molecule of the anionic form of 
histidine. 





Table 2. Effect of histidine concentration on the 
pH depressions (ApH) in histidine-glucose solu- 
tions, at various temperatures 





Histidine Glucose ApH at 
concn. concn. ——_ an ——, 
(M) (mM) 20° 30° 40° 
0-067 0-3 0-31 0-27 _ 
0-033 0-3 0-32 0-28 — 
0-022 0-3 0-31 0-27 -—— 
0-016 0-3 0-32 0-29 0-25 
0-067 0-6 0-49 0-44 0-35 
0-033 0-6 0-50 0-45 _- 
0-022 0-6 0-50 0-44 0-39 
0-016 0-6 0-51 0-47 0-43 


Effect of dilution on the pH 
of histidine solutions 


Table 3. 


Histidine pH at 
concen. ————_—"* — 

(mM) 20° 30° 
0-067* 8-46 8-23 
0-033 8-46 8-24 
0-022 8-46 8-24 
0-016 8-47 8-25 


* Made by adding 91-8 ml. of 0-490N-NaOH to 220 ml. 
of 0-2 histidine monohydrochloride soln. and diluting to 
660 ml. with distilled water. 
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(c) Variation of the equilibrium constant with 
temperature. The equilibrium constant values 
calculated from the slopes of the lines in Fig. 3 are 
given in Table 4. The experimental accuracy limits 
impose a maximum variation of + 0-2 on the values 
in the table. 

The decrease in the value of the equilibrium 
constant with temperature shows the histidine— 
glucose reaction to be exothermic. Inspection of 
Table 2 shows that the ApH, and therefore the 
equilibrium constant, decreases with increasing 
histidine concentrations at the higher temper- 
atures, but this phenomenon was not studied 
further. 

(d) Heat of reaction. Plotting the logarithm of the 
equilibrium constant (obtained at 0-016™ histidine 
concentration) against the reciprocal of the 
absolute temperature, we obtain the graph of 
Fig. 4. The plot is in the nature of a curve which 
ean be broken up into a practically straight line 
over the temperature range of 20—-30—40°, and a line 
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Glucose concn. (M) 

Fig. 3. Variation of the antilogarithm of ApH of the first 
steady pH state of the histidine-glucose reaction, with 
glucose concentration at various temperatures. Histidine 
concen. 0-016M. (a) ©---©, 20°, initial pH 9-12; (6) 
O—O, 20°, initial pH values 8-47, 8-58, 8-70; (c) A—A, 
30°, initial pH values 8-49, 8-72, 8-92; (d) x—~x, 40°, 
initial pH values 8-30, 8-50, 8-68, 8-85; (ce) @—@, 50°, 
initial pH values 8-23, 8-54; (f) -O---O-, 50°, initial 
pH 7-81. 


Table 4. Variation of the equilibrium constant ( first 
steady pH state) of the histidine—glucose combina- 
tion with temperature (histidine concn. 0-016™) 


Tem perature 20° 30° 40° 50° 
Equilibrium constant 3-9 3-5 3-0 2-3 
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Fig. 4. Variation of the logarithm of Ly (the equilibrium 
constant of the monoglucose—-mono-anionic histidine 
combination) with the reciprocal of the absolute temper- 
ature, for the first steady pH state. Histidine concn. 
0-016M. 


joining the two points at 40° and 50°. The value of 
the heat of reaction calculated for the 20—40° range 
is 2:-6+0-5keal., and for the 40-50° range 
5-2 + 0-9 keal. 

This variation in the heat of reaction shows that 
the nature of the combination changes in the higher 
temperature region. The correct value for the heat 
of reaction which predominates over the higher 
temperature range is probably greater than the 
value obtained for the range 40—50°. 

(e) Effect of time on the pH and ApH values 
recorded. (1) The approach to equilibrium: the 
time taken to attain ‘equilibrium’ in the glucose— 
histidine solutions varied with temperature. 
About 5—6 days were required at 20°, 1-2 days at 
30°, 12-24 hr. at 40°, and about 2 hr. at 50°. 

(2) The pH of histidine solutions under aerobic 
and anaerobic conditions: the pH of histidine solu- 
tions in absence of glucose which had been initially 
adjusted to certain pH values were steady for some 
time, but eventually dropped. The time interval 
during which the solutions retained their original 
pH values depended upon whether aerobic or 
anaerobic conditions were employed, and to some 
extent on the temperature. Under anaerobic condi- 
tions, the pH was steady for longer periods. Thus, 
at 20°, 0-016™m histidine solution adjusted to 
pH 8-46 retained this value for over 5.weeks under 
both aerobic and anaerobic conditions. Thereafter 
the pH of both solutions decreased, almost step- 
wise, the anaerobic solution by 0-2 pH, the aerobic 
one by 0-23 pH; the values then remained constant 
over the next month. Somewhat similar results 
were obtained at higher temperatures, except that 
the pH decreases occurred earlier and that the 
aerobic drop occurred earlier still and was notice- 
ably greater than the anaerobic. Thus, with a 
solution, at 50°, of the same composition as that 
employed at 20° (initial pH 7-81) it was noted that 
under aerobic conditions the pH dropped on the 
fourth day to 7-72, and under anaerobic conditions 
the solution retained its initial pH value for over 
13 days. The cause of these changes has not been 
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investigated in this Laboratory. However, Holden 
‘& Freeman (1931) and Wadsworth & Pangborn 
(1936) have observed that alkaline solutions of 
amino acids display a gradual loss of amino nitro- 
gen. In this work and in the present investigation 
toluene was added as a preservative, and it was 
suggested (French & Edsall, 1945) that this 
behaviour may be due to contaminating organisms. 
It is, however, difficult to accept this suggestion, 
since the presence of such micro-organisms should 
be accompanied by phenomena usually associated 
with bacterial attack; the histidine solutions in this 
investigation remained perfectly clear, and acquired 
a yellow tint after standing for some time. It 
would seem more likely that some deamination 
process, or some internal rearrangement blocking 
the amino group, takes place on long standing. The 
yellow tint acquired was noticeable in histidine 
hydrochloride solutions; it was bright yellow in 
histidine solutions adjusted to alkaline pH after 
standing for some time even at temperatures below 
0°. However, no such colour development could 
be detected if glucose was present, even after 
8 months, at temperatures below 0°. This striking 
phenomenon is significant in that it also shows the 
complete absence during that time of any ‘brown- 
ing reaction’, at such temperatures. 

(3) Steady pH states: the pH measurements 
were continued long after the histidine—glucose 
solutions had reached their first steady pH values 
(from which the equilibrium constants were calcu- 
lated). It was found that these pH values re- 
mained steady for about 4 weeks at 20°, about a 
week at 30°, 60-90 hr. at 40° and 5-8 hr. at 50°. 
Subsequently, the pH of the solutions began to 
fall and, eventually, again reached steady values. 
This second steady pH state lasted for approxi- 
mately the same time as the corresponding original 
equilibrium or first steady pH state. Subsequently, 
a third pH drop occurred, resulting in a third 
steady pH state. Further consecutive steady pH 
states were found. With 20° measurements, the 
exact values of the ApH of the second and sub- 
sequent steady pH states could not be evaluated, 
as the pH drop of the histidine solutions (in 
absence of glucose) took place at about the same 
time. But with increase in reaction temperature, 
although the duration of the glucose—histidine 
steady pH states was smaller, the duration of the 
steady pH readings of the corresponding histidine 
solutions did not decrease as much. This enabled 
several steady pH states to be noted at the higher 
temperatures (see Fig. 5). Similar results were 
obtained at 30° and 40°. It was also observed that 
the duration of some of the later steady pH states 
was greater than the earlier ones. Further, the 
development of brown colour was noted as begin- 
ning at the end of the second or the start of the 
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Fig. 5. Steady pH states at 50°. Variation of the pH depressions (ApH) with time in glucose-histidine solutions at 50°. 
Histidine conen. 0-016M. Initial pH 7:81. O—O, Anaerobic conditions; x--- x, aerobic conditions. 


third steady pH state; its intensity increased 
greatly with the passage of time. In order to. test 
the dependence of the browning on various factors, 
visual comparisons were made of a large number 
of solutions observed simultaneously. The brown 
colour was found to be intensified with increase in 
initial pH, increase in glucose concentration and 
rise in temperature. These results parallel the 
findings of many workers including Mohammed, 
Frankel-Conrat & Olcott (1949) with the com- 
bination of other amino acids with glucose. It 
was also noted that browning was less _ pro- 
nounced under aerobic than under anaerobic con- 
ditions. 

It was noted that the ApH obtained in the first 
steady pH state was the same whether aerobic or 
anaerobic conditions were employed. But rise in 
temperature associated with increase in initial pH 
value (in the region approaching pH 9 and over), 
and increased glucose concentration, resulted in 
the ApH obtained aerobically being noticeably 
greater than the corresponding anaerobic result. 
This suggests that aerobic oxidation of the histi- 
dine—glucose complex takes place and forms acidic 
products. Further, in the subsequent steady pH 
states, all the aerobic pH values are greater than 
the corresponding anaerobic ones (the plots are 
parallel) and the difference increases with the age 
of the solution. It was also observed that whereas 
the ApH values of the various anaerobic steady pH 
states were reproducible, within experimental 


error, the corresponding ApH values of the second 
and subsequent aerobic steady pH states, though 
retaining their original shape and parallelism to the 
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Fig. 6. Variation of the antilogarithm of the pH depression 
of the histidine-glucose reaction in the first and second 
anaerobic steady pH states, with glucose concn., at 40°. 

x—x, First steady pH state; O---O, second steady 
pH state (0-016 m histidine). 


anaerobic states, could not be reproduced within 
the same limits of accuracy. 

The pH depressions of the anaerobic second 
steady pH state [ApH, = (initial pH) — (pH value of 
the second steady pH state)] showed an inde- 
pendence of the initial pH similar to that found for 
ApH,. Thus, at 30° at initial pH 8-50, 8-72, 8-92 
and 9-07, for a given glucose concentration at the 
lower glucose concentrations, ApH, was practically 
independent of the initial pH, but at the higher 
glucose concentrations, and particularly at the 
highest initial pH, positive deviations were found; 
over a lower pH range, i.e. below pH 8-24, lower 
ApH, values were obtained. Similar results were 
obtained at 40°. 

The plot of the antilogarithm of ApH, against 
the glucose concentration at 40° is given in Fig. 6. 
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DISCUSSION 


First steady pH state. The straight-line relation- 
ship obtained for the plot of the antilogarithm of 
ApH, against the glucose concentration is in agree- 
ment with equation (15) and therefore with the 
formulation of one glucose molecule combination 
with one molecule of anionic histidine. This formu- 
lation does not, however, decide what forms of 
glucose, i.e. whether aldehydic or glycosidic, or 
both, take part in the combination or whether it is 
the amino or imino group which reacts with the 
glucose. Combination takes place over the range 
where the imino group is responsible for the 
buffering activity of histidine solutions, and this 
might suggest a mechanism of combination between 
the imino group and glucose. However, Kubota 
(1941) and Agren (1940), working with solutions at 
pH 7-4, showed that there is a decrease in the 
amino content when histidine and glucose solu- 
tions are mixed. This indicates that at least part of, 
if not all, the combination proceeds via the amino 
group. 

At first sight it would appear that any zwitterion 
combination over the pH region examined is 
negligible, since the latter combination should 
according to equation (13) result in the line curving 
somewhat downwards. However, any small second 
glucose molecule combination with the anionic 
form of histidine would cause an upward curvature 
of the line. Over the range given, it is possible that 
the magnitudes of Ly and L} are such that the two 
opposing effects are cancelled. Increase in initial 
pH value decreases the zwitterion concentration, 
and increase in glucose concentration favours 
anionic-diglucose combination. It may therefore be 
significant that at the highest initial pH values 
examined [see Fig. 3, curve (a); 20° results at 
initial pH 9-12], and to a smaller extent at the 
highest glucose concentrations at lower initial pH 
values, there is a distinct upward trend. The line 
drawn through (a) is a curve having, over the lower 
glucose concentration range, lower slope than the 
straight line obtained for the intermediate pH 
range (b), but thereafter curves upwards. The lower 
slope might possibly be explained on the assump- 
tion that the equilibrium constant of any combi- 
nation between the anionic glucose (the proportion 
of which increases with increasing pH) and 
anionic histidine is, owing to the possession of 
similar charges, far smaller than that of the un- 
dissociated glucose with anionic histidine. This 
results in an overall smaller combination and 
therefore smaller ApH, . However, with increase in 
glucose concentration, the increased diglucose— 


anionic histidine combination results in increased 
ApH, values which indirectly lead to a further 
increase in the overall value of the pH depression 
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by lowering the equilibrium pH (first steady pH 
state) and therefore resulting in decreased pro- 
portion of anionic glucose. The combined effects of 
both these factors are likely to result in considerable 
increase in the value of the slope. The upward trend 
in the slope at the highest glucose concentration is 
noticeable, but only to a small extent at lower 
initial pH values. However, this trend may not 
necessarily be due to a diglucose—anionic histidine 
combination since other factors may be concerned 
such as: (a) combination with a second nitrogenous 
group; (6) increasing association of the hydroxyl 
groups of giucose with histidine; (c) change of 
medium, with considerable increase in glucose con- 
centration, which may result in increased equi- 
librium constant values; (d) increase in the relative 
proportions of the reacting forms of glucose. Thus, 
assuming that in aqueous solution equilibrium 
exists between the various anhydrous forms and the 
hydrated form, and assuming that only the an- 
hydrous forms react with the amino or imino 
groups, then since an increase in glucose concentra- 
tion eventually results in a relative decrease in the 
water concentration, the concentration of the 
anhydrous forms increases to a greater extent than 
the overall increase in the concentration of the 
glucose, thus resulting in increasing combination 
and thereby increasing slope. 

* The increase in ApH obtained on dilution of 
histidine at 40° (see Table 2) can be explained in 
terms of association of single zwitterions to form 
polyzwitterions, with increase in concentration, 


such as 


NH,* 
ax¢ = 
CO.O- 


On dilution the equilibrium is displaced to the 
left, particularly with rise in temperature, and 
assuming that the polyzwitterions combine with 
glucose to a smaller extent than the monozwitter- 
ions do, this results in increasing combination. 

The increase in the heat of reaction of the first 
steady pH state with rise in temperature indicates 
a change in the nature of the reaction. Since the 
plot of the antilogarithm of ApH, against the 
glucose concentration still gives straight lines at 
the highest temperature employed (50°) it suggests 
that the reaction is still essentially a monoglucose— 
mono-anionic histidine combination. It is there- 
fore possible that this change is due to some 
temperature effect on the equilibrium between the 
various forms of glucose or on an equilibrium 
between any forms participating in the suggested 
zwitterionic association. 

The lower slopes obtained in the intermediate 
pH region merit further investigation. But as 
inspection of Fig. 2 shows, the pH depressions 
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decrease at lower initial pH values and this results 
in decreasing experimental accuracy. Conse- 
quently, this range was not investigated in detail. 

Second steady pH state. The apparent indepen- 
dence of ApH, of initial pH in the pH range 
examined, and the upward curving of the plot of 
the antilogarithm of ApH, against the glucose con- 
centration, are interpretable by a formulation 
involving the co-existence of monoglucose and di- 
glucose combinations with the anionic form of 
histidine, since a ‘best’ hyperbolic curve could be 
drawn (see Fig. 6) in contact with the experimental 
points obtained for the second steady pH state. 
This curve could be interpreted in terms of equa- 
tion (24), and, assuming the value of Z, not to have 
changed, the approximate value of 2 is obtainable 
for L, at 40°. The time interval between the first 
and second steady pH states may be explained as 
being due to some steric hindrance which dis- 
appears as an internal rearrangement within the 
complex takes place. In the combination between 
histidine and formaldehyde Neuberger (1944) 
showed that there are two distinct stages, and it 
has been suggested (Levy, 1935) that an internal 
rearrangement involving a hydrogen-ion shift 
takes place. It is therefore possible that a similar 
shift takes place in the histidine—glucose combina- 
tion leading to the change from the first steady pH 
state to the second. However, it is also possible 
that this change or subsequent changes from one 
steady pH state to the others may be due to other 
causes such as the conversion of glucose into a 
mixture containing glucose, fructose and mannose, 
the latter two possibly combining more strongly 
than glucose with histidine. Alternatively, or 
additionally, combination or bridging may take 
place via the hydroxyl groups of the glucose mole- 
cule with histidine. Combinations between poly- 
hydric alcohols and amino acids are well known 
to lead eventually to the ‘browning reaction’. 
Browning could be visibly noted at the end of the 
second steady pH state. It is hoped that further 
work, already in progress, will shed more light on 


these possibilities. 


SUMMARY 


1. The combinatior at histidine with glucose has 
been examined with vy aying concentrations of histi- 
dine (0-067 to 0-016) und glucose (up to 1-2M) over 
the pH range 5-9 and at 20°, 30°, 40° and 50°, both 
aerobically and anaerobically, by measuring the pH 
depressions which follow the mixing of the solutions. 

2. A series of subsequent steady pH states 


having successively greater pH depression values 


was found. 
3. No combination was found within the approxi- 
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mate pH range 5-6-5. In the first steady pH state, 
over the approximate pH range pH 8-9, the results 
are in agreement with one glucose molecule com- 
bining with one molecule of anionic histidine. 

4. The equilibrium constants of the first steady 
pH state decreased with rise in temperature, thus 
showing the reaction to be exothermic. 

5. The pH depressions obtained for the first 
steady pH state were the same whether aerobic or 
anaerobic conditions were employed. However, 
under conditions involving both high initial pH 
values and high glucose concentrations, the aerobic 
pH depressions were somewhat higher in value. In 
subsequent steady pH states, particularly at the 
higher temperatures, the aerobic pH depressions 
were noticeably higher. 

6. Browning was noted as starting at the end of 
the second or the beginning of the third steady pH 
state. Its intensity was found to increase with rise 
in initial pH, glucose concentration and temper- 
ature, but to decrease in presence of air. 

I wish to thank Mr C. Fox, M.Sc., and Mr Z. Kosinski, 
B.Sc., for checking some of the 50° measurements, and 
Mr A. Farmer for some glassblowing. I should also like to 
thank Drs L. Peters and R. Consden for the interest they 
have shown in this paper, and Mr G. Marr, B.Sc., for 
assistance given in the preparation of illustrations. 


REFERENCES 


Agren, G. (1940). Acta physiol. scand. 1, 105. 

Balson, E. W. & Lawson, A. (1936). Biochem. J. 30, 1257. 

Balson, E. W. & Lawson, A. (1938). Biochem. J. 32, 230. 

Borsook, H. & Wasteneys, H. (1925). Biochem. J.19, 1128. 

Danhey, J. P. & Pigman, W. W. (1951). Advanc. Food Res. 
3, 241. 

Euler, H. von, Brunius, E. 
Hoppe-Seyl. Z. 153, 1. 

Euler, H. von, Brunius, E. 
Hoppe-Seyl. Z. 155, 259. 

Frankel, M. & Katchalsky, A. (1938). Biochem. J. 32, 1904. 

Frankel, M. & Katchalsky, A. (1941). Biochem. J. 35, 1028. 

French, D. & Edsall, J. T. (1945). Advanc. Protein Chem. 
2, 301. 

Frieden, E. H., Dunn, M. 8S. & Coryell, C. D. (1948). 
J. phys. Chem. 47, 85. 

Holden, F. H. & Freeman, M. (1931). Aust. J. exp. Biol. 
med. Sci. 8, 189. 

Katchalsky, A. (1941). Biochem. J. 35, 1024. 

Kubota, T. (1941). J. Biochem., Tokyo, 34, 119. 

Levy, M. (1933). J. biol. Chem. 99, 767. 

Levy, M. (1935). J. biol. Chem. 109, 361. 

Lewin, S. (1953). Chem. & Ind. p. 1193. 

Lewin, 8S. (1955). Lab. Practice, 4, 441. 

Lieben, F. & Getreuer, V. (1932). Biochem. Z. 252, 420. 

Mohammed, A., Frankel-Conrat, H. & Olcott, H. S. (1949). 
Arch. Biochem. 24, 157. 

Neuberger, A. (1944). Biochem. J. 38; 309. 

Wadsworth, A. & Pangborn, M. C. (1936). J. biol. Chem. 
116, 423. 

Westheimer, F. H. (1937). J. org. Chem. 2, 431. 


& Josephson, K. (1926a). 


& Josephson, K. (19265). 











Vol. 63 


23 


Studies on Yeast Metabolism 


7. YEAST CARBOHYDRATE FRACTIONS. 


SEPARATION FROM NUCLEIC ACID, 


ANALYSIS, AND BEHAVIOUR DURING ANAEROBIC FERMENTATION* 


By W. E. TREVELYAN anv J. S. HARRISON 
Research and Development Department, Distillers Co. Lid., Epsom, Surrey 


(Received 10 March 1955) 


Yeast contains trehalose (Myrbiick, 1949) and at 
least three polysaccharides (Whistler & Smart, 
1953): glycogen, mannan and an insoluble glucan. 
Trehalose and (in part) glycogen function primarily 
as an energy reserve, whereas mannan and glucan 
are structural components located in the yeast-cell 
wall (Northcote & Horne, 1952; Kreger, 1954). 
Chitin is another constituent of the cell wall, but 
as hexosamines do not react with the anthrone 
reagent (Chung & Nickerson, 1954) its estimation 
is not considered here. The polysaccharides are 
usually isolated by methods described originally by 
Salkowski (1894), though some workers are critical 
of the drastic chemical treatments involved 
(Sevag, Cattaneo & Maiweg, 1935). 

Trevelyan & Harrison (1952) applied Dreywood’s 
anthrone reagent (Dreywood, 1946) to the deter- 
mination of yeast carbohydrates. The four yeast 
carbohydrates mentioned were assumed to be the 
sole source of anthrone-positive material. On the 
evidence provided by paper chromatography, and 
later corroborated by ion-exchange chromato- 
graphy of borate complexes (Forrest, Trevelyan & 
Harrison, unpublished work), trehalose was esti- 
mated as carbohydrate extracted by cold trichloro- 
acetic acid. Mannan was separated as an insoluble 
copper complex hydrolysable to mannose. Carbo- 
hydrate remaining in the cell debris after extraction 
with H,SO, until the cells failed to react with a 
periodic acid—Schiff stain was taken to be glucan. 
All other polysaccharide, which gave glucose after 
hydrolysis, was reported as glycogen. This material 
actually appeared in two separate fractions. Its 
partition into alkali- and acid-soluble forms, 
though reproducible, is, however, of doubtful 


significance, in view of the chemical identity of 


glycogen extracted from yeast in different ways 
(Northcote, 1953). 

Trevelyan, Forrest & Harrison (1952) subse- 
quently simplified this procedure, and similar 
methods have recently been described by Chung & 
Nickerson (1954) and by Yemm & Folkes (1954). 
One drawback of the method, however, remained: 
the sum of carbohydrate recovered in the separate 


* Part 6: Trevelyan & Harrison (19565). 


fractions was always slightly less than the ‘total 
carbohydrate’ figure obtained by applying the 
anthrone technique to whole yeast. In an empirical 
procedure this is not a serious fault, but an internal 
check against large accidental error is undoubtedly 
useful. Again, in some steps the yeast cells re- 
quired longer and more careful centrifuging than 
was desirable in routine work. 

Revision of the carbohydrate fractionation 
procedure to meet these criticisms had, as a further 
aim, its extension to include the separation and 
determination of nucleic acid. This seemed feasible, 
since standard methods for nucleic acid analysis 
(Volkin & Cohn, 1954) are based on extraction by 
acid and alkali, as was the carbohydrate fractiona- 
tion method. Yeast contains relatively little 
deoxyribonucleic acid (Bourdet, Mandel & Guille- 
met, 1951), and all material reacting as pentose 
which can be extracted from yeast after removal of 
adenosine 5’-phosphates and other coenzymes with 
cold trichloroacetic acid may therefore be regarded 
without great error as ribonucleic acid. 


METHODS 


Preparation of yeast for analysis 


Samples (5 g.) were taken as required from a master sample 
of commercial pressed baker’s yeast stored in the refriger- 
ator. For the evaluation of fractionation procedures the 
yeast was suspended in water, a convenient amount of the 
suspension (containing 100 or 200 mg. of yeast) was centri- 
fuged and the supernatant discarded. 


Determination of carbohydrate with anthrone 


The anthrone reagent contained 2 g. of anthrone dis- 
solved in a mixture of 75 ml. of water and 950 ml. of 
H,SO,. The composition of the reagent selected was that 
which had been found to give maximum colour develop- 
ment with glucose (see Results) since three of the four yeast 
carbohydrates are glucose polymers. Carbohydrate solu- 
tions were delivered into up to twenty-four Pyrex tubes 
(2-5 em. x 15 cm., 28 g. wt.) and water was added to a final 
volume of 3-8 ml. Anthrone reagent (8-2 ml.) was then run 
down the side of the tube from a 50 ml. burette; because of 
the viscosity of the reagent the burette outlet had to be 
fairly large. The tube was then held by the lip with the hand 
and rotated quickly by wrist action for 7 sec. The tube was 
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then replaced in the rack, a second tube was taken, and so 
on. With a little practice it was found possible to handle 
tubes at exactly 0-5 min. intervals, so that the time 
needed to be noted only at the beginning of each batch of 
six, when the burette had been refilled. After 10 min. each 
tube was transferred in turn to a rack standing in running 
tap water and left to cool for 5 min. Each batch of tubes 
included duplicate glucose (0-5umole) and mannose 
(lymole) standards. Optical density at 620 mp. was 
measured with the Unicam DG. 350 spectrophotometer, set 
to zero against a reagent blank. In recent work it has been 
found that the optical density of concentrated sulphuric 
acid solutions, though not of aqueous solutions, alters 
appreciably with a change in the radial positioning of the 
0-75 in. tubes used with this instrument. Reproducibility is 
better if the spectrophotometer is set to zero against 
distilled water, and the optical density of solutions (in- 
cluding the reagent blank) are measured with a tube on 
which the radial position giving maximum reading is 
indicated by a scratch. 


Pentose determination with orcinol 


Both intensity and quality of colour deteriorated when 
sulphuric acid was substituted for hydrochloric acid in 
orcinol reagents containing either ferric (Mejbaum, 1939) or 
cupric salts (Barrenscheen & Peham, 1941). Attempts to 
develop a heat-of-mixing technique for pentose determina- 
tion similar to that used with anthrone were in consequence 
unsatisfactory. To determine ribonucleic acid pentose 
(RNA pentose) an adaptation of the Mejbaum procedure 
was used. 

The test solution (5 ml., containing up to 1-5 wmoles of 
RNA pentose) was delivered into a tube graduated at 
12-5 ml. (‘E-MIL’ tubes for blood-sugar determination) 
followed by 0-2 ml. of 10% (w/v) ethanolic orcinol (Albaum 
& Umbreit, 1947). The latter solution was preferred to 
orcinol in HCl when, as in the present investigation, only 
a smal] number of determinations were made at one time. 
Orcinol solution was followed by 5 ml. of HCl reagent 
(prepared by pipetting 2 ml. of 1% (w/v) CuSO,,5H,O into 
a dry 200 ml. volumetric flask, and making up to volume 
with conc. HCl), making a total volume of 10-2 ml. After 
mixing, the tubes were covered with glass stoppers, heated 
for 20 min. at 100° in a water bath, and cooled in running 
water after removing the stoppers. If excess of hexose had 
resulted in turbidity, this was cleared by making up to 
12-5 ml. with ethanol, before measuring the optical 
density at 660 mpz., otherwise no adjustment of volume 
was made. The standard was a freshly made solution of 
yeast RNA (25 mg. +2 ml. of N-NaOH in 100 ml.), which 
itself was standardized by phosphorus determination 
(method of Gomori, 1942) as recommended by Schneider 
(1945). 

Fractionation scheme 


Total carbohydrate. Washed yeast (100 mg., see above) 
was transferred to a 200 ml. volumetric flask containing 
4ml. of 0-5m trichloroacetic acid (TCA) and kept for 
analysis. Just before estimation the flask was shaken to 
suspend the yeast, and water added to 200ml. After 


mixing by inversion, about one-third of the suspension was 
discarded, and the remainder vigorously shaken to ensure 
homogeneity before withdrawing about 1 mg. of yeast for 
anthrone estimation. 

Total yeast carbohydrate measured in this way includes 
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the hexose polymers glycogen, glucan, mannan and tre- 


halose. Ribonucleic acid, the chief pentose-containing 
constituent of yeast, reacts with anthrone to give a tran- 
sient green colour, which fades rapidly under the conditions 
of the estimation. The residual optical density at 620 mp. 
corresponds to an inaccuracy in the total carbohydrate 
figure of <1%, as may be seen from the entries in Table 1 
under the headings ‘total carbohydrate’ and ‘hexose in 
RNA fraction’. The colour produced by mixtures of 
hexoses and pentoses was found to be strictly additive, and 
no interference of pentose with hexose estimation of the 
type described by Johanson (1953) was encountered. Thus, 
if the perchloric acid extraction step (38°) of the fraction- 
ation scheme was omitted, RNA appeared in the ‘alkali- 
soluble’ fraction together with mannan and some glycogen, 
with negligible effect on the ‘alkali-soluble carbohydrate’ 
as estimated by anthrone. 

Trehalose. A duplicate sample of 100 mg. of washed 
yeast was suspended in 4 ml. of 0-5m TCA and kept for 
1 hr. in an ice bath. The suspension was frequently shaken; 
if the yeast was allowed to settle, trehalose extraction was 
not complete, as shown by the appearance together with 
RNA, in the next fraction, of significant amounts of 
hexose. After centrifuging, the cells were washed once with 
4 ml. of water, and the combined supernatants made up to 
25 ml. A portion (1 ml.), equivalent to 4 mg. of yeast, was 
taken for estimation by anthrone. TCA-soluble phosphate 
was determined, after digestion of 10 ml. of extract with 
HCIO,, by the method of Gomori (1942). 

Nucleic acid (RNA). When all yeast samples (usually 
four) had been extracted with cold TCA, the cells were 
suspended in 4ml. of 0-5mM-HCIO, and incubated for 
90 min. at 38°. Occasional shaking kept the cells in sus- 
pension. During this time estimation of total carbohydrate 
and trehalose was completed, the figures being useful as 
a guide to the correct dilution (to ensure optical densities 
close to that of the glucose standard) of glycogen fractions 
obtained later. After centrifuging and washing the cells 
with 4 ml. of water the HClO, extracts were made to 
20 ml., when 3 ml. portions (15 mg. of yeast) were taken for 
pentose and hexose determinations, and 5 ml. for determi- 
nation of HCl1O,-soluble phosphate by HCIO, digestion and 
phosphate analysis by the Gomori (1942) method. 

Mannan +alkali-soluble glycogen. After dispersing the 
cell residue in 4 ml. of 0-25mM-Na,CO,, the tubes were 
covered with glass stoppers and heated for 45 min. at 100° 
in the water bath. After brief cooling the cells were centri- 
fuged and washed once with 4 ml. of water. The alkali 
extract was made up to 10 ml., and 4 ml. was diluted to a 
convenient volume for determination of mannan + alkali- 
soluble glycogen. 

Mannan. A second 4 ml. of alkali extract was transferred 
to a centrifuge tube containing 0-4 ml. of 10mM-KOH or 
NaOH, and 2 ml. of Fehling’s solution was added. After 
mixing, the tubes were stoppered and left overnight. After 
centrifuging down the mannan-copper complex, it was 
washed with 3 ml. of 0-lm-NaOH, dissolved in 1 ml. of 
mM-H,SO,, and then made up to 25 ml., of which 3 ml., 
equivalent to 4-8 mg. of yeast, was taken for anthrone 
analysis. 

Acetic acid-soluble glycogen. The cell debris from the 
alkali-extraction step was suspended in 4 ml. of 2M acetic 
acid and heated for 2 hr. in a boiling-water bath. After 
brief cooling, centrifuging and washing, the extract was 
diluted to a convenient volume. 
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HCI10,-soluble glycogen. The cell residue was then ex- 
tracted in a similar fashion for 30min. at 100° with 
0-5mM-HCIO,. It was found advisable not to attempt com- 
plete dispersion of the cells when washing with water, as 
otherwise there was a danger of carrying over some yeast 
when decanting the supernatant. 

tlucan. 2mM-NaOH (2 ml.) was added, the cells were 
suspended roughly by shaking and the suspension was 
transferred to 50 ml. cylinders having a generous air space 
above the mark. The cylinders were stoppered and shaken 
violently a few times, when a homogeneous suspension was 
obtained which did not settle even after standing over- 
night; 2 ml. (4 mg. of yeast) was taken for analysis. 

Determination by anthrone of mannan +alkali-soluble 
glycogen, acetic acid and HClO,-soluble glycogen, and 
glucan, was now completed, and the data were examined to 
see that the sum of the individual fractions checked with 
the total carbohydrate figure, and that optical densities 
were not too high for Beer’s law to apply. On the following 
day any suspect determinations were repeated when 
mannan estimation was performed. Pentose and _ phos- 
phorus determinations were also completed. 

Expression of results. Mannan was evaluated by com- 
parison with (duplicate) glucose and mannose standards, 
prepared freshly by diluting stock solutions of the sugars in 
saturated benzoic acid. Other carbohydrate fractions were 
estimated by comparison with glucose, though a single 
mannose standard was included with each batch of an- 
throne determinations as a check on the constancy of the 
glucose/mannose colour ratio. Results are reported as 
pmoles of hexose/g. of yeast. Total yeast carbohydrate 
expressed as-umoles of hexose/g. of yeast was computed as 
follows: 


total (as hexose) = total (as glucose) 
+mannan (as mannose) — mannan (as glucose). 


Application of the fractionation scheme to four yeast 
samples took 2 working days. 

Shortened fractionation scheme. A study of the changes in 
the various fractions during fermentation (see Results) 
suggested that there is no clear distinction between the 
various forms of glycogen. For the routine analysis of yeast 
carbohydrates it is therefore suggested that the acetic acid- 
extraction step be omitted and the sum of alkali- and 
HCIO,-soluble glycogen be reported as ‘glycogen’. 


Fermentation technique 


In a study of the changes during anaerobic fermentation 
of yeast carbohydrates, nucleic acid, and TCA- and HCI1O,- 
soluble phosphate, 2-5 g. of yeast in 80 ml. of medium was 
stirred by a stream of N, (150 ml./min.). After 10 min., 
when the suspension had attained the temperature of the 
thermostatic bath (30°), fermentation was initiated by 
adding 20 ml. of glucose (concentration after mixing, 
0-3M), mannose (0-3M), or maltose (0-15m). After addition 
of sugar the full medium contained 0-05 sodium succinate 
buffer, pH 5-5, 5 mm-MgCl,, 2mm-KH,PO,, 8 mm-KCl, 
0-01 m-(NH,).SO,, 0-02 pL-asparagine and 5uM thiamine. 
N-free medium lacked asparagine or (NH,).SO,. 

In a further study of the effect of some constituents of 
these media, the yeast was suspended in succinate buffer, 
and other salts were added as listed in the legend to Fig. 9. 

The fractionation scheme was applied to 4 ml. samples 
withdrawn after 30, 60 and 120 min., and centrifuged, and 
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washed free of medium by centrifuging after suspension in 
5 ml. of water (twice). The composition of the yeast im- 
mediately before addition of sugar was also determined. 
Results are given as pmoles/g. original weight of yeast. 


RESULTS 
Determination of carbohydrate with anthrone 


Temperature during colour development was varied by 
altering the distribution of water between the sugar solu- 
tion and the anthrone reagent; the composition after 
mixing was, however, kept constant. A basic anthrone 
reagent was prepared containing 0-4 g. of anthrone in a 
mixture of 10 ml. of water and 190 ml. of H,SO,. A series 
of reagents of graded water content were prepared by 
adding to 8 ml. of basic reagent contained in each of a 
number of Pyrex tubes 0, 0-2, ..., 2-0 ml. of water (say 
x ml.), mixing and cooling. Sugar solution, together with 
sufficient water to make (4-2) ml. added in all, was 
layered on top, and the contents were mixed and optical 
density was determined after 10 min. colour development 
(see Methods). 

As Fig. 1 shows, the composition of the anthrone reagent 
giving maximal colour development varied with the nature 
of the sugar. The optimum for ribose shifted to a higher 
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Optical density (620 my.) 


Water added (ml.) 


Fig. 1. Effect of temperature, controlled by adding water 
to 8 ml. of anthrone reagent, on the colour produced by 
1 pmole of sugar. x, Fructose; @, glucose; O, mannose; 
O, xylose; + (full line), ribose; + (broken line), ribose 
with low-anthrone reagent. 
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temperature when the concentration of anthrone was 
reduced to one-eighth, indicating that destruction of 
colour at higher temperatures may involve oxidation by 
anthrone itself. 

The composition of the reagent optimum for a particular 
sugar will, of course, change slightly if alteration is made in 
conditions affecting colour development, e.g. the volume 
after mixing, or the type of tube used. However, the 
results of Fig. 1 can be reproduced in a short time, and the 
correct composition for any particular set of conditions 
can be found. 

The heat-of-mixing technique will give accurate results 
only if the procedure adopted for mixing reagent and 
carbohydrate solution is rigidly standardized. By use of the 
simple technique described in Methods, and the appro- 
priate reagent, the optical density of 0-5 umole of glucose 
was found reproducible to +1% (s.p. of ten samples). 
Over a period of a month the variation was only +2% 
(thirty samples). An equivalent amount of mannose 
developed, with this reagent, 50-55% as much colour, the 
figure depending on the atmospheric temperature. 


By the use of two anthrone reagents of different 
composition, it was found possible to determine 
fructose and glucose in a ‘mixture of the two sugars. 
Mixtures of mannose and glucose, or ribose and 
glucose, could not be satisfactorily analysed. In 
general, it was found that results with a given 
sugar became progressively more variable the more 
reagent-water content was increased above the 
optimum. Consequently analysis of mixtures is 
feasible only when the colour/umole developed by 
the weaker reagent differs widely for the two 


sugars. 


Examination of procedures for the separation 
into fractions of yeast carbohydrates and nucleic 
acid 
Extraction of trehalose by TCA or Cetavlon 

(cetyltrimethylammonium bromide). Yeast was ex- 

tracted by shaking on a mechanical shaker at room 

temperature with (a) 4ml. of 0-56m TCA, or (b) 

1 ml. of mM TCA and 2 ml. of ethanol, or (c) 3-5 ml. of 

water containing 10 mg. of the cationic detergent 

Cetavion. After a definite time the cells were 

centrifuged and washed with TCA, ethanolic TCA, 

or water respectively, and carbohydrate in the 
supernatants was determined. After 60 min. for 
method (a), 15min. for (b), or 15 min. for (ce), 
carbohydrate extracted by the different methods 
had reached a maximum, which was approximately 
the same in each case (Fig. 2). (Contrast extraction 
of phosphate by TCA and cationic detergents; 

Kamen & Spiegelman, 1948.) This agreement shows 

that partitioning yeast carbohydrate by cold TCA 

is not entirely arbitrary, and that no appreciable 
amount of (ethanol-insoluble) polysaccharide is 


extracted by aqueous TCA. In general we have 


used method (a), as the extracted cells can then be 
centrifuged most easily. 
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Extraction time (min.) 


Fig. 2. (Top). Extraction of trehalose by aqueous TCA 
(O), ethanolic TCA (x), and Cetavlon (@). (Bottom). 
Extraction of RNA by cold m-NaOH. O, RNA pentose; 
x, hexose in extract. 


Extraction of nucleic acid by alkali from TCA- 
extracted (trehalose-free) yeast. The Schmidt— 
Thannhauser procedure (which has been applied to 
yeast by Bourdet et al. 1951) was found to extract 
considerable amounts of mannan and glycogen, 
together with RNA. Long contact with alkali to 
hydrolyse RNA to nucleotides was found un- 
necessary. The extraction step alone has been 
reported to require a much shorter time (DiCarlo & 
Schultz, 1948), and indeed RNA was rapidly ex- 
tracted by shaking 200 mg. of trehalose-free yeast 
with 1 ml. of N-NaOH at room temperature (Fig. 2); 
30 min. was considered adequate, subsequent in- 
crease of colour in the orcinol estimation being due 
mainly to polysaccharide. At this time about 5% 
of total yeast polysaccharide had been taken out. 

Extraction of nucleic acid by hot TCA or perchloric 
acid from trehalose-free yeast. The Schneider 
technique (TCA for 15 min. at 90°) partially ex- 
tracted mannan and glycogen together with RNA, 
in amounts sufficient to interfere with the pentose 
determination. That the increase in ‘pentose’ with 
extraction time (Fig. 3) was due to polysaccharide 
was indicated by the linear relation between 
optical density at 660 my. in the orcinol reaction 
and the total carbohydrate in the extracts as 
determined with anthrone, and by the increasing 
ratio (optical density at 420 my.)/(optical density 
at 660 muy.) in the orcinol procedure (ef. Drury 
1948). Extrapolation of the apparent RNA to 
zero extraction time gave a figure close to that 
obtained by alkali extraction. Substitution of 
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perchloric acid for TCA increased the rate of poly- 
saccharide extraction (Fig. 3). 

Fig. 4 shows the effect of (a) perchloric acid con- 
centration, and (b) temperature on the amount of 
polysaccharide and RNA pentose extracted after 
15 min. It appeared from these results that the 
best method of reducing contamination of RNA 
by polysaccharide was to use a low extraction tem- 
perature. At the convenient temperature of 38° 
the time of extraction had to be extended to 
90 min. (Fig. 5). 

About 1% of the RNA remained in the cells 
after treatment with 0-5m perchloric acid for 
90 min. at 38°, as was shown by further extracting 
the cell residue with TCA at 90° for 15 min. and 
estimating pentose and hexose in the TCA extract 
by the orcinol method of Drury (1948). 

Loss of RNA during the extraction of trehalose 
by cold TCA proved more serious. By studying the 
effect of time of extraction by TCA (at room 
temperature) on the subsequent analysis of RNA 


pentose in the cell residue, it was estimated that of 


the total RNA pentose, 6%/hr. had been lost 


during TCA extraction of trehalose and coenzymes. 
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Fig. 3. Extraction of RNA (@), glycogen (O) and‘mannan 
(x) by 0-5m TCA (full line) and of glycogen and mannan 


by 0-5m perchloric acid (broken line) at 90°, after 


trehalose extraction by cold TCA. 
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Trehalose extraction by TCA was therefore carried 
out at 0° in order to reduce to the minimum the 
loss of nucleic acid. 

Extraction by alkali of a polysaccharide fraction 
rich in mannan, after removal of trehalose and nucleic 
acid. Digesting yeast (freed of trehalose) with 
10mM-KOH at 100° was found to cause severe loss of 
the total carbohydrate of the yeast suspension 
(Fig. 6), which paralleled the gradual solution of the 
cells. Use of hot, strong alkali as an extracting 
agent by Trevelyan & Harrison (1952) was there- 
fore the probable cause of incomplete recovery (see 
Introduction). Milder extraction procedures were 
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Fig. 4. Effect of (a) acid strength (temp. 90°), and (5) 
temperature (acid 0-5m) on the extraction of RNA (O) 
and polysaccharide ( x ) by perchloric acid after trehalose 
extraction by cold TCA. 
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Fig. 5. Extraction of RNA (O) by 0-5 perchloric acid 
at 38° (after trehalose extraction by TCA). x, Hexose 
extracted. 
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Fig. 6. Polysaccharide extraction. O--—O, Destruction of 
yeast polysaccharide by 10M-KOH at 100°; +, glycogen 
extracted by 2m acetic acid at 100° after trehalose and 
mannan extraction; x, residual carbohydrate of cells 
after extraction by 0-5m perchloric acid at 100°; @—®, 
extraction of alkali-soluble polysaccharide at 100° by 
0-25m-Na,CO,; O—O, extraction by 0-125m-Na,CO, 
+0-125mM-NaHCOQ,. ‘ 


examined. Mannan and a proportion of glycogen 
were readily extracted by shaking with 5M-KOH in 
the cold. Dilute alkali at higher temperatures was 
found more convenient, and similar results were 
given by 0-25mM-NaOH at 90°, for 15 min. No more 
material was extracted when the time was ex- 
tended to 60 min. 

Subsequently the temperature of extraction was 
raised to 100° and the alkalinity of the reagents 
reduced still further by using mixtures of NaHCO, 
and Na,CO, (each 0-25, 4 ml. to 200 mg. of yeast). 
After 15 min., the following amounts of polysac- 
charide were extracted: 14% of total alkali- 
soluble polysaccharide by NaHCO,; 25% by a 
3:1 mixture of NaHCO,:Na,CO,; 43% by a 1:1 
mixture; 92% by Na,CO,. The last two reagents 
were further studied (Fig. 6). The standard pro- 
cedure was to use 0-25mM-Na,CO, for 45 min. at 100° 
for the preparation of an alkali-soluble fraction, 
largely mannan. 

The extract was partitioned into mannan and 
glycogen by precipitation of the mannan—copper 
complex. Flocculation of this after warming 
(Trevelyan & Harrison, 1952) was delayed when 
mild alkalis had been used to prepare the extract. 
Precipitation was therefore accomplished by 
leaving it overnight at room temperature (Chung & 


Nickerson, 1954). When extract obtained from 


5 to 20 mg. of yeast was taken in a final volume of 
6 ml. the mannan recovered was proportional to the 
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amount of yeast, showing that no significant loss 
had occurred during the precipitation. 

Extraction of acid-soluble glycogen from the cell 
debris left after removal of mannan + alkali-soluble 
glycogen. Chung & Nickerson (1954) used 2M acetic 
acid (for 30min. at 100°) to extract a second 
glycogen fraction. In the present work it was found 
that the carbohydrate extracted by this reagent 
was still increasing even after 2hr., though it 
appeared to be approaching a limit of about 50% 
of the ‘acid-soluble glycogen’ estimated when 
M-H,SO, was used (Trevelyan & Harrison, 1952). 
Moreover, after 2 hr. extraction by acetic acid the 
cell debris still gave a strong positive reaction with 
the periodic acid—Schiff stain, showing that some 
polysaccharide other than glucan remained (Tre- 
velyan & Harrison, 1952). Perchloric acid (0-5mM), 
on the other hand, gave a non-staining residue after 
extraction at 100° for 30min. Also, the carbo- 
hydrate content of cells extracted by this reagent 
fell rapidly in the first 30 min., after which a very 
slow decrease occurred (Fig. 6). Yeast-glucan 
content was thus taken to be given by analysis of 
carbohydrate in the cells after 30 min. extraction. 
The interesting observation was made that when 
the cells had been heated with acid to the point 
where the periodic acid—Schiff stain became 
negative, the suspension flocculated on cooling, 
presumably reflecting some change in surface 
characteristics of the yeast cells. 

Fractions obtained from larger quantities of 
yeast by successive extractions with acetic acid and 
sulphuric acid (which may be substituted for 
perchloric acid) were examined for reducing sugars 
by paper chromatography. Some glucose was 
detected in the second extract, and when this was 
further heated for lhr. at 100° more glucose 
appeared, together with a trace of mannose. 


Changes during fermentation of yeast carbohydrate 
fractions, nucleic acid, and TCA-soluble and 


HCI1O,-soluble phosphate 


More information on the significance of alkali-, 
acetic acid- and HCl0,-soluble glycogen was ob- 
tained by following the change in yeast carbo- 
hydrate during anaerobic fermentation. Trehalose 
was extracted by TCA at room temperature, 
otherwise the analytical procedure was as described 
in Methods. Fermentation of glucose or mannose, 
in a medium lacking assimilable nitrogen, resulted 
in synthesis of mannan, glucan, and the three 
forms of glycogen (Fig. 7). Acetic acid-soluble 
glycogen showed the greatest increase. The 
changes in trehalose content under these conditions 
have been considered in a previous paper (‘Trevelyan 
& Harrison, 1956a). Uptake of phosphate from 
the medium into both the TCA- and HCIO,-soluble 
fractions accompanied carbohydrate assimilation 
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a 


Carbohydrate [moles (as glucose or mannose)/g. yeast] 





0 1 2 0 1 2 0 1 2 0 1 2 
Fermentation time (hr.) 


Fig. 7. Polysaccharide metabolism during anaerobic fermentation at 30° by 2-5% (w/v) yeast. (a) N-free medium, 
0-3m glucose; (b) as (a), +azide (mm-NaN;); (c) full medium, 0-3m glucose; (d) N-free medium, 0-3m mannose; 
(e) N-free medium, 0-15mM maltose. Full medium contained 0-05m sodium succinate buffer, pH 5-5, 5 mm-MgCl,, 
2 mm-KH,PO,, 8 mm-KCl, 0-01M-(NH,).SO,, 0-02m DL-asparagine and 5yMm thiamine. N-free medium had no 
asparagine or (NH,),SO,. O---O,mannan; x-—-- x, glucan; O—O, alkali-soluble glycogen; @, acetic acid-soluble 
glycogen; x— x, perchloric acid-soluble glycogen. 7 


(a) (6) (c) 





:Hexose (as glucose), RNA pentose or phosphorus (pmoles/g. yeast) 





Fermentation time (hr.) 


Fig. 8. Trehalose (@), nucleic acid (QO), total acid-soluble phosphorus (+) and total phosphorus in nucleic acid 
extract ( x) during fermentation under the conditions of Fig. 7. 
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(Fig. 8). RNA pentose showed little variation 
(Fig. 8), though later work (unpublished results of 
eighteen fermentations of glucose) shows that a 
slight but statistically significant increase in RNA 
pentose occurs during the first 30min. Except 
where metaphosphate formation clearly accounted 
for an excess of phosphate, the RNA pentose figure 
agreed fairly well with the total HC1lO,-soluble 
phosphate. Addition of assimilable nitrogen to the 
medium restricted glycogen and trehalose forma- 
tion without affecting the synthesis of mannan or 
glucan. RNA pentose increased in this case. 

The inhibitor sodium azide prevented trehalose 
resynthesis (Trevelyan & Harrison, 1956a), and 
after a slight initial decrease in acetic acid-soluble 
glycogen the polysaccharides showed no further 
change. Phosphate uptake was inhibited. 

Maltose is fermented more slowly than either 
glucose or mannose; the fermentation rate increases 
with time owing to adaptive-enzyme formation. 
During maltose fermentation in N-free medium 
(Figs. 7, 8) glycogen synthesis and phosphate 
uptake were observed only in the later stages of the 
fermentation. 

Of the three glycogen fractions the alkali- and 
acetic acid-soluble glycogen varied together. 
Within the experimental error, one fraction was a 
simple proportion of the other; the regression 
equation 


(alkali-soluble glycogen) = 3 + 0-41 
(acetic acid-soluble glycogen) 


had a residual error of estimate of +4moles/g. 
HCiO,-soluble glycogen was not, however, simply 
related to the other fractions. Regression equations 
contained a large constant term, e.g. (HCIO,- 
soluble glycogen)=40+0-28(acetic acid-soluble 
glycogen), error + 10 umoles/g. This fraction could 
not be regarded statistically as a mixture of acetic 
acid-soluble glycogen and mannan or glucan. 
Mannan and glucan changed together, and the ratio 
mannan/glucan was approximately constant at 1-8. 





Table 1. 
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The results showed (1) that nucleic acid could be 
separated with negligible loss of polysaccharide; 
the mean hexose content of the fraction was only 
5-9 + 0-9 pmoles/g. of yeast (s.D. twenty results); 
(2) that fractionation was accomplished without 
loss of material, since the mean difference (total 
carbohydrate) — (sum of fractions) was +10, with 
s.D.+ 11 pmoles/g. on an average total of 420; 
(3) that no difficulty was experienced in centri- 
fuging at any stage of the procedure, 5 min. at 
4000 rev./min. being adequate. The main aims of 
the present study had, therefore, been achieved. 


Influence of some constituents of the medium on the 
synthesis of yeast carbohydrates during anaerobic 
fermentation 
Division of glycogen into subfractions did not 

seem justified by the results of the preceding 

section. The shortened fractionation scheme (see 

Methods), in which the acetic acid-extraction step 

was omitted, was therefore adopted as standard. 

The procedure was evaluated by applying it to 
study the influence of constituents of the medium 
on carbohydrate synthesis during fermentation of 
glucose for 2 hr. The forty fractionations included 
ten performed on the yeast before fermentation, 
which gave a good idea of the reproducibility of the 
method (Table 1). These were done over a 27-day 
period, during which time the master sample of 
yeast metabolized part of its stores of trehalose and 
glycogen. Variance due to the linear regression was 
allowed for in calculating the errors listed in 
Table 1. It will be seen that estimations were 
reproducible to 3% or less; this figure included the 
sampling error. 

The results showed an interaction between the 
effects of H,PO, and Mg?+ on glycogen and tre- 
halose synthesis (Fig. 9). K* (0-02m-KCl), Mg?+ 
(0-01mM-MgSO,) and thiamine (50m) when added 
singly had only minor influence on changes in the 
various fractions. H,PO,, however, reduced 
glycogen formation and retarded the onset of the 


Reproducibility of fractionation procedure 


T = Age of yeast in days (arbitrary zero). 


Estimation 


(Total carbohydrate) — (sum of fractions) 
Total carbohydrate 


Trehalose 

Glycogen 

Hexose in RNA fraction 
Mannan 

Glucan 


RNA pentose 
HCIO,-soluble P 
TCA-soluble P 


Mean (ymoles of 


No. of hexose, pentose or 
samples phosphate/g. of yeast) S.D. 
40 0-4 18 
10 573 —3-5T' 9 
10 123 - 1-27 2 
10 120 -1-1T 5 
10 5:2 0-6 
10 195 6 
10 109 2 
7 41:3 0-5 
10 40-6 0-7 
11 23-4 0-7 
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Fig. 9. Effect of some constituents of the medium on the synthesis of cellular carbohydrates during fermentation of 
0-3m glucose at 30° by 25% (w/v) yeast. O—O, Trehalose; @—@, glycogen; [}X—J, mannan; x — x, glucan; 
x--—— x, total yeast carbohydrate. The yeast was suspended in 0-05 Mm sodium succinate buffer, pH 5-5, with the follow- 
ing additions: (a) 0-02 mM-KCl; (6) 2mm-KH,PO, + 18 mm-KC1; (c) 0-02 m-KH,PQ, ; (d) 0-01 M-KH,PO, +5 mm-MgSO, ; 
(e) as (d), +0-05m-NH,CI; (f) 0-05m-NH,Cl only. 





(f) 


150 


RNA pentose or phosphorus (umoles/g. of yeast) 





100 
50 
| | | 
~ | +—~+——+ 
0 1 2G 1 2 0 1 2 0 1 2 0 1 20 1 2 
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Fig. 10. RNA pentose (©), total acid-soluble phosphorus (+), and total phosphorus in RNA extract ( x) 
during fermentation under the conditions of Fig. 9. 
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formation of mannan and glucan (Fig. 9). Fermen- 
tation rate had been found (Trevelyan & Harrison, 
1954) to be decreased by phosphate in the later 
stages of fermentation, an effect prevented by the 
simultaneous addition of Mg?+. Here, too, Mg?+ 
removed the inhibitory action on glycogen syn- 
thesis, and more trehalose was formed than in 
succinate buffer Mg?*+ also stimulated 
phosphate uptake (Fig. 10). 

In succinate buffer alone, or together with K*, 
Mg?*, or thiamine (added singly), the RNA content 
of the yeast suspension fell slightly towards the end 
of the 2 hr. fermentation. H,PO, or NH,” singly 
prevented this fall, but with Mg?+ added as well 
as phosphate a distinct upward trend appeared 
(Fig. 10). This was naturally intensified by further 
supplementation with NH,". 

NH,*, added together with phosphate and Mg?*, 
might almost be described as nullifying the effects 
of Mg? (Fig. 9). NH,* alone reduced trehalose and 
glycogen formation, though not to the same degree 
(Fig. 9). 

The restriction of carbohydrate formation by 
NH,” was implicit in the finding by Meyerhof & 
Schulz (1936) that addition of ammonium salts 
increased the yield of CO, recorded during com- 
plete fermentation of glucose or fructose. They 
reported a similar, but smaller, increase when fer- 
mentation was carried out in an atmosphere of CO, 
(replacing N,). The effect of this substitution on 
carbohydrate synthesis during fermentation in 
succinate buffer supplemented with Mg?+ and 
KH,PO, was found to be slight, and results are 
consequently not reported in detail. 


alone. 


DISCUSSION 


Although the fractionation procedure described by 
Trevelyan & Harrison (1952) has been considerably 
simplified and speeded, the division of polysac- 
charides into glycogen, mannan, and glucan re- 
mains on a semi-empirical basis. It is not, however, 
entirely arbitrary, as is shown by the changes in the 
various fractions during fermentation. Mannan and 
glucan are synthesized in parallel, as would be 
expected since both are constituents of the cell wall. 
Their formation is not reduced by nitrogen assimi- 
lation, as is the formation of trehalose and glycogen. 
(Since cell division entails the expansion of the total 
cell surface in a culture, the result is not unex- 
pected; but the apparent lack of interaction 
between the synthetic mechanisms of the two groups 
of carbohydrates raises interesting problems.) As 
far as physiological behaviour goes, there would 
seem to be no great overlap between the various 
fractions. 

The material designated ‘glycogen’ is clearly 
heterogeneous, physiologically if not chemically. 
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Glycogen, unlike mannan or glucan, is not confined 
to the cell wall (Northcote, 1953), and its occurrence 
in different regions of the cell may mean that 
glycogen is not uniformly free to diffuse out of the 
cell when yeast is treated with reagents such as 
carbonate or acetic acid. Variation in the extent of 
binding with protein, etc., may also be expected. 

The effect on carbohydrate synthesis during 
fermentation of KH,PO, may be due to formation 
of a complex of Mg?+ with metaphosphate formed 
during phosphate uptake. As Mg?+ participates in 
most enzyme systems concerned with phosphoryla- 
tion processes, the mechanism of this effect may be 
extremely complex. 


SUMMARY 


1. A rapid method is described for adjusting the 
water content of the anthrone reagent to ensure 
that carbohydrate determination by the heat-of- 
mixing technique is carried out at an optimum 
temperature for the particular sugar concerned. 

2. Methods are examined for partition of yeast 
carbohydrate into trehalose, mannan, glycogen and 
glucan, and for extracting nucleic acid free from 
polysaccharide. 

3. By using the fractionation scheme proposed, 
and determining carbohydrate by the anthrone 
method and nucleic acid by the orcinol method, the 
separate fractions can be estimated to better than 
+3%. An internal check is provided by the 
agreement between the sum of the carbohydrate 
fractions and the directly determined figure for 
total yeast carbohydrate. 

4. By the use of the scheme, it is shown that 
nitrogen assimilation restricts synthesis, during 
anaerobic fermentation of glucose, of the energy- 
reserve carbohydrates trehalose and glycogen, but 
not of the structural carbohydrates mannan and 
glucan. Carbohydrate formation is reduced also 
by high concentrations of phosphate, an effect which 
is counteracted by magnesium ions. 


The authors wish to thank the Directors of The Distillers 
Co. Ltd. for permission to publish this paper. 
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Polysaccharide 


A Study of the Nature of Plant Lignin by Means of 
Alkaline Nitrobenzene Oxidation 


By F. E. ROADHOUSE anp D. MacDOUGALL 
Ontario Agricultural College, Guelph, Canada 


(Received 12 September 1955) 


Studies on the development and nature of lignin in 
plant tissues have been greatly hampered by the 
limitations of existing methods for its determina- 
tion. The difficulty encountered is due to inade- 
quate means for the characterization of lignin and 
for its isolation from other plant constituents. Two 
types of error may occur during the separation of 
lignin: losses during the pretreatment and isolation 
procedures, and contamination with interfering 
material arising from the action of the extracting 
reagents on other plant constituents. It is generally 
conceded that the advantages of the pretreatment 
extractions outweigh the disadvantages. Further- 
more, the nature of both the lignin and the potential 
interfering substances changes with increasing age, 
so that a procedure which is adequate at one 
growth stage may be quite inadequate for some 
other growth stage. 

In order to evaluate the various errors in the 
problem outlined above and, at the same time, to 
obtain more reliable information on the formation 
of lignin in plants, it was decided to oxidize plant 
materials of different species and ages with alkaline 
nitrobenzene and to determine the amounts of 
vanillin, p-hydroxybenzaldehyde and _syringal- 
dehyde formed. An attempt was made to deter- 
mine lignin losses due to the pretreatment extrac- 
tions with ethanol—benzene, water, and 1% 
hydrochloric acid by subjecting the residues from 
each step to alkaline nitrobenzene oxidation. 

The alkaline nitrobenzene technique was used 
by Freudenberg, Lautsch & Engler (1940). These 
workers found that sulphonated lignins, isolated 
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lignins, and wood itself gave substantial yields of 
vanillin when oxidized with this reagent. Creighton, 
McCarthy & Hibbert (1941) applied the technique 
to a large number of materials (jute, rye straw, 
corncobs, bamboo, sassafras, etc.). They obtained 
sufficient vanillin and syringaldehyde from angio- 
sperms to account for 25-45% of the Klason 
lignin. In later work (Creighton & Hibbert, 1944) 
vanillin and syringaldehyde were isolated after 
oxidation of dicotyledonous plants. From mono- 
cotyledons p-hydroxybenzaldehyde was obtained 
in addition to the other two aldehydes. Bondi & 
Meyer (1948) used the same techniques to investi- 
gate the lignins from grasses, legumes and sheep 
faeces. 

More recently, Stone & Blundell (1951) have 
described a micromethod for alkaline nitrobenzene 
oxidation. Stone, Blundell & Tanner (1951) used 
this technique on wheat plants and observed that 
the ethanol—benzene extraction removed appreci- 
able amounts of lignin, the water extraction 
removed traces of lignin, and the 1 % hydrochloric 
acid treatment removed little or no lignin. They 
also reported that the decreasing order of abund- 
ance of the aldehydes in young tissues was p- 
hydroxybenzaldehyde, vanillin, and syringalde- 
hyde. In the mature plant this order was reversed. 


MATERIALS AND METHODS 


Plant tissues. The plants used in this investigation were 
winter wheat (Dawson’s Golden Chaff, no. 16), alfalfa 
(O.A.C. no. 1), and meadow fescue (Mefon). These were 
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Description of plant material 





Winter wheat Alfalfa Meadow fescue 
(Dawson’s Golden Chaff no. 16) (O.A.C. no. 1) (Mefon) 
Growth , — ~ - a i. NN 
stage Harvest Height Harvest Height Harvest Height 
no. date (em.) Description date (cm.) Description date (em.) Description 
1 19 May 30-36 Plants in 18 May 36-40 _— Plants in 23 May 10-12-5 Plants in 
rows 20-25 rows 46 cm. rows 46 cm. 
cm. apart apart apart 
2 6June 80-92 | Heads 8 June 80-86 Flower buds 6 June 25-30 Heads 
forming showing forming 
3 25 June 125-140 Kernels 29 June 125-132 Almost full 20 June 38-46 Headed out 
soft and bloom 
milky 
4 25 July 125-140 Ripe 26 July 125-132 Ripe 4 July 38-46 Not ripe 


harvested by cutting off at approximately 1-2 cm. from 
the ground on the dates shown in Table 1. All material was 
spread out on wrapping paper and allowed to dry at room 
temperature. The alfalfa and wheat plants were cut into 
2-5-5 em. lengths before drying. The meadow fescue was 
not cut before drying. The wheat was hand-threshed and 
the grain was not included in the material used for analysis. 
In the case of the alfalfa it was found impossible to 
remove the seed from the rest of the plant. Therefore, 
the whole plant was used. This caused some difficulty in 
grinding. 

All samples were ground in a Wiley Mill (Arthur H. 
Thomas Co., Philadelphia Pa., U.S.A. 5) to pass a 0-5 mm. 
screen and were then stored in tightly stoppered bottles. 
Analyses carried out immediately after drying and after 
storage for considerable periods showed no differences in 
results. 

Preparation of aldehydes. Vanillin (Eastman Kodak 
no. 273), crystallized three times from light petroleum 
(b.p. 100-120°), melted at 81-7-82-2°. p-Hydroxybenzalde- 
hyde (Eastman Kodak no. 985), crystallized twice from 
light petroleum (b.p. 100-120°), melted at 115-8-116°. 
Syringaldehyde was prepared from vanillin by the method 
of Pepper & MacDonald (1953), and recrystallized five 
times from light petroleum (b.p. 80-100°) to yield pale- 
brown crystals melting at 109-5-110°. This product was 
dissolved in hot water and treated with decolorizing 
carbon. After boiling, filtering and cooling, a colourless 
product crystallized (m.p. 109-6-110°). A mixed m.p. 
determination, carried out with a sample of syringaldehyde 
supplied by Dr J. M. Pepper of the University of Saskatche- 
wan, showed no depression. 

Moisture. This was determined on all samples by drying 
at 100° for 24 hr. 

Lignin. Pretreatment procedures used involved extrac- 
tion with ethanol—benzene (1:2, by vol.), hot water, and 


1% (w/w) hydrochloric acid according to A.O.A.C. 
(1950). Klason lignin was isolated by the 72% (w/w) 


sulphuric acid method of Manning & DeLong (1941). 
Lignin for methoxy] determinations was isolated by filtering 
in sintered-glass crucibles, with naphthalene as filter aid 
(Meuller & Herrmann, 1926). 

Methoxyl determinations. These were carried out by the 
Viebock & Schwappach modification of the Ziesel method, 
as described by Clark (1939). Samples were weighed out in 
gelatin capsules (size no. 4) and a supension of red phos- 
phorus was used in the scrubber (Samsel & McHard, 1942). 


The hydriodic acid was prepared as described by Clark 
(1938). 

Nitrogen determinations. These were carried out by the 
micro-Kjeldahl method. The digestion mixture recom- 
mended by Campbell & Hanna (1937) was used. The 
ammonia was distilled into a 4% solution of boric acid. 

Oxidation with alkaline nitrobenzene. The 5 ml. reaction 
bombs were made of stainless steel (18% Cr, 8% Ni) and, 
except for size, were similar in construction to high- 
pressure hydrogenation bombs. A tight seal was effected by 
the use of lead gaskets which flowed into coincident grooves 
in both the bomb and plug cap. 

In the oxidation procedure accurately weighed samples 
(10-50 mg.) were placed in the bombs along with exactly 
2 ml. of 2n-NaOH and 0-12 ml. of nitrobenzene. The bomb 
was closed tightly and then shaken to ensure proper mixing. 
Six small bombs were wrapped in cheese cloth and placed 
inside a 2-5 1. hydrogenation bomb. Water was placed in the 
large bomb, which was then sealed. The bomb was heated 
to 160° and held at that temperature for 2-5 hr. with 
shaking. At the end of this time the bomb was cooled to 
50° by plunging into cold water. After opening the small 
bombs the reaction mixtures were poured into small test 
tubes which were corked and centrifuged at 800g for 
30 min. This is essentially the procedure described by 
Stone & Blundell (1951). 

Chromatography. The chromatographic procedure was 
similar to that described by Stone & Blundell (1951). 
Sheets of Whatman no. | filter paper (57cm. x 46-5 cm.) were 
used. Two 0-1 ml. samples of the supernatant liquid from 
the reaction mixture were streaked along about 15 cm. 
portions of the base-line. Test spots were placed at each end 
and at the centre of the base-line between the 15 cm. 
streaks. The spots on the paper were neutralized by care- 
fully spraying with cold acetic acid. After spraying, the 
papers were allowed to dry for 30 min. at room temperature 
before being chromatographed. The chromatography was 
carried out at 29-31° in large insulated chromatographic 
chambers (Chromatocab Research Equipment Corp., 
Oakland, California, U.S.A.) with water-saturated light 
petroleum (b.p. 100-120°)-n-butyl ether (6:1, by vol.). It 
required 13 hr. to separate the aldehydes. On removal from 
the cabinet the papers were dried at room temperature and 
the test strips were cut out of the large sheets. The positions 
of the aldehydes were determined by spraying the test 
strips with a saturated solution of 2:4-dinitrophenyl- 
hydrazine in 1 % (w/w) HCl. The unsprayed portions of the 
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paper holding the aldehydes were extracted in small 
Soxhlet extractors (30 ml. cap.) with aldehyde-free 95% 
ethanol. The extracts were diluted to 50 ml. with, 95% 
ethanol and the aldehyde ‘concentrations were determined 
spectrophotometrically. 

Determination of aldehydes. A standard curve was pre- 
pared for each aldehyde from pure samples. Absorption 
measurements were made with a Beckman DU spectro- 
photometer. A straight-line relationship was found 
between optical density and concentration in each case. 
The slopes of these lines were determined and used for 
calculation of the aldehyde concentrations. The absorption 
of p-hydroxybenzaldehyde was measured at 335 mp., of 
syringaldehyde at 368 mp., and of vanillin at 352 mu. 
Concentrations of each aldehyde of from 0-2 to 6-0 ug./ml. 
could be determined quite satisfactorily by this method. 
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indicated that little or no aldehyde was lost during 
the oxidation procedure. 

Recovery experiments were also run in which 
known amounts of each aldehyde were added to 
the plant materials before oxidation. It was found 
that in the presence of plant material the added 
aldehydes could not be completely recovered. The 
results for recovery of aldehydes added to the 
original plant tissues are shown in Table 3. 
Although the results are quite variable it is 
evident that in the majority of cases better 
recoveries of added aldehydes were obtained from 
the mature than from the young materials. 

It was thought that some of the loss of alde- 
hydes during oxidation might have been due to 
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p. 35, col. 1, line 4 


After ethanol insert 


Aldehyde Aldehyde recovered (mg.) 
placed -—-- a - — 
in bomb Syringal- p-Hydroxy- 
(mg.) dehyde benzaldehyde — Vanillin 
0-200 0-182 0-207 0-205 
0-200 0-187 0-193 0-205 


Table 3. 


» after 4 ml. of 0:2 % ethanolic KOH was added, 


- 


nrst notea vy 
were able to recover only 80% of the vanillin 
added to wood before oxidation. This fact seems 
to have been overlooked by Stone eé al. (1951), 
Bondi & Meyer (1948), and DeStevens & Nord 
(1953). 


PLCUUCLVOLE cw us. 


YAU EVy>  traer 


Percentage recovery of aldehydes added to plant material before oxidation 


In this experiment 200 ug. of each aldehyde was added to 50 mg. of plant material. Each value is the mean of at least 


two determinations. Growth stages are defined in Table 1. 


Growth 


Plant material stage 
Alfalfa 1 
2 
3 
4 
Wheat 1 
9 
3 
_ 4 
Meadow fescue 1 
2 
3 
+ 


Percentage recovery 





- ae 
Syringal- p-Hydroxy- 
dehyde benzaldehyde Vanillin 
46-8 57-6 42-6 
73-1 65-0 62-8 
91-0 81-5 74-5 
93-0 75-5 81-0 
61-1 60-3 52-9 
47-4 67-9 46-5 
59-7 70-4 78-5 
59-8 78:3 79-9 
52-8 55-9 44-1 
59-9 86-5 78-1 
63-5 67-0 71-0 
50-4 94-8 87-6 
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Effect of pretreatments and lignin isolation on 
amounts of aldehyde formed from plant tissues 


In order to discover whether or not the various 
pretreatment procedures used in the determination 
of lignin remove aldehyde-forming material it was 
decided to carry out alkaline-nitrobenzene oxida- 
tions on the residues obtained after each successive 
extraction. Oxidations were also carried out on the 
Klason lignin isolated from each sample. 

In view of the poor recoveries obtained when the 
aldehydes were added to the original plant tissues 
similar recoveries were run on all of the materials 
being oxidized. Recovery of added aldehydes was 
improved by preliminary removal of the 
materials soluble in the various extractants. 
While the results were somewhat variable they 
were similar to those shown in Table 3. Therefore 
these data are not included in the paper. However, 
all resuits reported have been corrected for losses 
of aldehydes which occurred during oxidation. 

As there was no apparent relationship between 
plant age and the effects of the various extractants 
the results for the four growth stages have been 
averaged. The results of this study are shown in 
Table 4. 

It is evident from Table 4 that each successive 
step in the isolation of lignin causes a marked 
lowering in the amounts of the aldehydes obtain- 
able from the residue. This is particularly true of 
the extraction with hydrochloric acid and the final 
isolation of lignin. In general, the ethanol— 
benzene extraction does not appear to affect greatly 
the amount of aldehyde-forming material. 

There are two possible explanations for the ob- 
served decrease in aldehydes formed from the 
residue left after each successive step. In the first 
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place the aldehyde-forming material may have 
been removed by the various extractants, or it may 
have been modified in such a way that aldehydes 
are not formed from it. If the latter be the case, it 
is difficult, if not impossible, to ascertain whether 
the original aldehyde-forming material is present 
in the solvent or in the residue. 

In an attempt to throw some light on this 
problem the solutions from the wheat extraetions 
were examined. These extracts were evaporated to 
a small volume in vacuo. The extract was finally 
dried to constant weight at 60° at atmospheric 
pressure. Before evaporating the hydrochloric 
acid extract it was neutralized with sodium 
hydroxide. This resulted in the presence of a large 
amount of sodium chloride in the residues from 
these solutions. Suitable control experiments 
showed that this salt did not interfere with either 
the oxidation or subsequent chromatography. The 
residues obtained by evaporation were oxidized 
and chromatographed in the normal way. 

In this study it was found that the decreases in 
aldehyde-forming material caused by the ethanol- 
benzene and water extractions (Table 4) could be 
accounted for completely on the basis of the alde- 
hydes formed by oxidation of the residues from the 
evaporated extracts. This was not the case with the 
hydrochloric acid extracts, where no aldehyde 
could be detected in the evaporated residues. From 
this experiment, it is impossible to judge whether 
the hydrochloric acid treatment has removed 
aldehyde-forming material or not. Presumably the 
very low yields of aldehyde obtained on oxidation of 
isolated Klason lignin are due to a continuation, by 
the sulphuric acid treatments, of the processes 
begun during the hydrochloric acid pretreatment. 
These results are similar to those reported by 


Table 4. Effect of each step in lignin isolation on yields of aldehydes 


Xesults are expressed as percentage of aldehyde found in the unextracted plant tissue. Each value is the mean of the 


results obtained at four growth stages (see Table 1). 


Plant material Treatment* 
Alfalfa I 

II 

Il 

IV 


Wheat I 
II 
Ill 
IV 


Meadow fescue I 
II 
Til 
IV 


Percentage of aldehyde 


Syringal- p-Hydroxy- 

dehyde benzaldehyde Vanillin 
97-8 84-7 87-9 
89-1 70-0 72-7 
55-0 42-0 39-5 
24-8 21-6 15-5 

100-8 91-5 97-0 
70-0 58-4 69-6 
59-3 34-8 62-9 
19-7 23-7 18-6 
92-6 63-0 77-1 
77-7 57-9 63-7 
42-7 30-0 28-1 
18-7 12-5 10-2 


*Treatments: I, 30 hr. ethanol—benzene extraction; II, I plus 3 hr. hot-water extraction; III, II plus 3 hr. hot 1% 


(w/w) HCl extraction; IV, isolated Klason lignin. 
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Stone et al. (1951), except that more aldehyde was 
recovered from the water extract than they re- 
ported. It should be pointed out that they used 
a cold-water extraction for 30 min. and we used 
boiling water for 3 hr. 

It was thought that an examination of the 
methoxyl contents of the residues left after the 
various extractions might shed some light on this 
problem. Accordingly, methoxyl determinations 
were carried out on the wheat samples at each 
extraction stage. The results are shown in Table 5. 
Sufficient methoxyl was removed by the various 
extraction steps to account for the loss of aldehydes 
if they were extracted. Thus the methoxyl data 
neither prove nor disprove the point. There is no 
way of determining whether the methoxyl removed 
was of lignin or non-lignin origin. 

We are inclined to favour the view that the 
aldehyde-forming material has been so changed by 
the acid treatments that it does not form aldehydes 
on subsequent oxidation. There are several 
reasons for this. Freudenberg & Bittner (1953) 
have shown that when either lignin or a dehydro- 
genation polymer formed from possible lignin- 
building units is treated with acid before methy]l- 


Table 5. Effect of pretreatment extractions on 
methoxyl content of wheat plants 


Results are expressed as percentage and are all based on 
the original material. Growth stages are defined in Table 1 


and treatments in Table 4. 
Growth stage 


1 2 3 4 


Percentage of aldehyde 


— ~ 





Treatment (~———- — —— -— = 
(Original material) 1-28 2-08 2-82 3-24 
1-11 1-64 2-42 3-14 

II 0-86 1:37 2-17 3-08 

III 0-39 1-17 1-54 2-14 

i¥ 0-35 0-86 1-40 1-91 


Table 6. 
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ation and oxidation little or no isohemipinic acid is 
formed in comparison with that produced from the 
material not treated with acid. The losses of 
methoxyl on extraction with hydrochloric acid 
and during the final isolation step may be due 
to removal of non-lignin methoxyl-containing 
material, to extraction of lignin, or to demethyl- 
ation of the lignin. Evidence has been presented 
(MacDougall, 1954) which indicates that treat- 
ment with acid may demethylate lignin to some 
extent. 


Relationship of aldehyde formed to age of plants 


The yields of aldehydes obtained from the 
different plant species are shown in Table 6. It is 
apparent that age has very little effect on the 
percentage of p-hydroxybenzaldehyde found. It 
should also be noted that the amount of vanillin 
formed does not increase as much as might have 
been expected on the basis of other workers’ results 
(Stone et al. 1951). This effect is due to the fact that 
the correction for loss of aldehydes is greater with 
the young than with the older tissues. It would 
appear that the increases in yields of vanillin with 
increasing age which have been reported by Stone 
et al. (1951) may be due, in part, to failure to make 
correction for losses of aldehydes during the oxida- 
tion. Our experiments indicate that the syringal- 
dehyde is the only one of the three aldehydes which 
shows a marked increase in yield as plant age 
increases. 

Mention should also be made of the claim by 
Creighton & Hibbert (1944) that monocotyledons 
can be distinguished from dicotyledons by the 
fact that the latter do not yield p-hydroxybenzalde- 
hyde on oxidation with alkaline nitrobenzene. This 
distinction appears to be more arbitrary than real, 
as in our studies as much p-hydroxybenzaldehyde 
was obtained from the dicotyledon (alfalfa) as 
from the two monocotyledons (wheat, meadow 





Aldehyde formed by oxidation of original plant tissues with alkaline nitrobenzene 


Results are expressed as percentage of the dry weight of plant tissue. Growth stages are defined in Table 1. 


Percentage of aldehyde 


Growth Syringal- p-Hydroxy- 
Plant tissue stage dehyde benzaldehyde Vanillin 
Alfalfa 1 0-82 0-56 1-80 
2 1-03 0-48 1-87 
3 1-25 0-38 2-5 
4 1-21 0-40 2-06 
Wheat 1 0-59 0-49 1-77 
3 1-81] 0-52 2-99 
3 2-71 0-57 2-54 
4 3°72 0-55 3-03 
Meadow fescue l 0-60 0-55 1-89 
2 1-02 0-39 1-44 
3 1-60 0-50 2-08 
4 2-46 0-41 1-72 








38 
fescue). The claim of Bondi & Meyer (1948) that 
lignins from succulent plant tissues do not yield 
syringaldehyde is also refuted. 


Relationship between Klason lignin and aldehydes 
formed on oxidation of plant tissues 


The amounts of Klason lignin obtained from the 
various plant tissues along with the total amounts 
of aldehyde formed on oxidation are shown in 
Table 7. Direct comparison of these two sets of 
data cannot be made, as it has been shown that 
some of the aldehyde-forming material has been 
removed by the ethanol—benzene and _ water 
extractions, and some doubt exists as to the effect 
of the hydrochloric acid and sulphuric acid treat- 
ments. In spite of this some conclusions can be 
drawn from these data. 

In the first place it is obvious, on the basis of the 
methoxyl contents of the lignin and the isolated 
aldehydes, that the compositions of the two frac- 
tions are quite different. If lignin is formed from 
the type of building units which give rise to the 
aldehydes then one would expect it to have a con- 
siderably higher methoxy] content than is obtained. 
There are three possible reasons for the relatively 
low methoxy] content of the isolated lignin. In the 
first place, it may be contaminated with artifacts 
formed from other plant constituents during the 
pretreatment and isolation procedures. In the 
second place, there may be other lignin-building 
units of low methoxyl content which are not 
detected by our oxidation technique. Finally, 
there may be some demethylation of lignin during 
its isolation. That the first possibility is partly 
responsible for the situation is shown by the nitro- 
gen contents of the isolated lignin. On the basis of 
the ratios of the amounts of methoxyl found in 
lignin and aldehydes one would expect contamina- 
tion of the residues to be greatest in the case of the 


Table 7. 
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young tissues. The nitrogen results support this 
contention. The second possibility cannot be 
proved or disproved by these data. No definite 
evidence with regard to the third possibility is given 
from these results. However, as mentioned above, 
some demethylation may occur during the acid 
pretreatment (MacDougall, 1954). 

Although only a small fraction of the aldehyde 
isolable after oxidation of the original tissue can be 
obtained from the isolated lignin, it is quite prob- 
able that much of the original aldehyde-producing 
material is present in the isolated lignin in a 
modified form. This point has already been dis- 
cussed. It was noted that the decreases in alde- 
hyde yields, due to the various pretreatments, 
were as great with the old as with the young tissues. 
Thus even though the values for lignin and total 
aldehyde in Table 7 cannot be compared directly, 
the losses due to extraction will be about the same 
in all cases and therefore will not alter the trends. 
Taking this into consideration it can be seen that 
the aldehyde formed represents a considerably 
higher proportion of the Klason lignin for young 
material than for the older tissues. 

It is interesting to speculate on the biological 
implications of this observation. The reason for 
these results may be that the aldehyde-forming 
materials are less highly condensed in young plants 
than in older tissues. In young material a consider- 
able number of phenylpropyl-type compounds may 
exist as such. These may be actively engaged in 
metabolism (Hibbert, 1942). Presumably as the 
plant matures these compounds condense to form 
lignin. Whether the unpolymerized substances (if 
they exist) in the young plants should be referred 
to as lignin or not is a question which must be 
decided. A study of the occurrence of phenyl- 
propyl-type compounds in young plant tissues is 
indicated. 


Relationship between Klason lignin and total aldehyde isolated from plant tissues 


Growth stages are defined in Table 1. 


Klason Methoxy] in 
Plant Growth lignin lignin 
tissue stage (%) (%) 
Alfalfa ] 5:33 6-83 
2 8-91 11-8 
3 11-0 13-0 
4 12-8 12-1 
Wheat ] 4-54 7-68 
2 7-66 11-2 
3 10-3 13-6 
4 12-4 15-4 
Meadow fescue l 4-30 5-82 
2 5-42 7-88 
3 8-53 10-1 
4 9-28 10-7 


Quotient of 
total aldehyde 


Nitrogen in Total Methoxylin methoxyl to 
lignin aldehyde aldehyde total lignin 
(%) (%) (%) methoxy] 
4-83 3-18 20-4 1-80 
4-11 3°38 21-5 0-70 
2-76 3°75 22-9 0-60 
3°20 3-67 22-5 0-54 
4-84 2-85 19-6 1-60 
3-43 5-32 23:1 1-43 
2-30 5°82 24:8 1-04 
1-39 7-30 25°8 0-99 
5-93 3-04 19-5 2-36 
4-65 2-85 22-4 1-49 
3-88 4-18 23-2 1-13 
3-80 4-59 25:9 1-20 
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SUMMARY 


1. Considerable losses of vanillin, p-hydroxy- 
benzaldehyde and syringaldehyde occur when 
these aldehydes are added to plant material before 
oxidation with alkaline nitrobenzene. 

2. The recovery of added aldehyde was no 
better from fully extracted than from unextracted 
plant tissue. 

3. In general, losses of aldehyde during the 
oxidation were greater with the young than with 
the older tissues. 

4. The ethanol—benzene and hot-water extrac- 
tions remove appreciable amounts of aldehyde- 
forming material. 

5. The percentage of p-hydroxybenzaldehyde 
obtained on oxidation of plant material does not 
increase with increasing plant age; the percentage 
of vanillin formed increases slightly, and the per- 
centage of syringaldehyde produced increases very 
markedly. 

6. The yield of aldehyde in relation to Klason 
lignin is greater for young than for the more 
mature tissues. 

This paper forms part of a dissertation submitted by 
F. E. Roadhouse to the Faculty of Graduate Studies, 
University of Toronto, in partial fulfilment of the require- 
ments for the degree of Master of Science in Agriculture. 
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in the Tissues of Animals, including Insects 


By D. ROBINSON 


Department of Biochemistry, St Mary’s Hospital Medical School, London, W. 2 


9 


(Received 3 November 1955) 


In a recent paper from this Laboratory (Mead, 
Smith & Williams, 1955), a highly sensitive fluori- 
metric method of assay of f-glucuronidase, in 
which 4-methylumbelliferone glucuronide was used 
as the substrate, was described. This method has 
now been adapted to the determination of f- 
glucosidase, with 4-methylumbelliferone £-glu- 
coside as the substrate. Previous methods of assay 
of this enzyme have usually depended on the use of 
chromogenic substrates, or upon the determination 
of glucose liberated by the enzyme (Viebel, 1945). 
The method herein described is claimed to be 


highly sensitive, and can be readily used for the 
assay of the small amounts of the enzyme found in 
the tissues of higher animals. In fact, few studies 
of the £-glucosidase content of animal tissues have 
been made owing to the lack of a sufficiently 
sensitive method of assay. This enzyme has been 


shown to occur in the snail (Karrer, 1930), the 
woodlouse (Newcomer, 1952) and the cockroach 
(Newcomer, 1954). Few warm-blooded animals 
have been examined. Neuberg & Hofmann 
(1935) reported its occurrence in the liver and 
kidney of horses and cattle, while Steensholt & 
Viebel (1943) showed its presence in pig intestinal 
mucosa. 


EXPERIMENTAL 
Materials 


Preparation of 4-methylumbelliferone B-glucoside. This 
glucoside was prepared according to the general method of 
Glazer & Wulwek (1924). 4-Methylumbelliferone (11-5 g., 
m.p. 180°) was dissolved in acetone (140 ml.), and aceto- 
bromoglucose (19 g.) added, followed by a solution of 
NaOH (3-6 g.) in water (90 ml.). After the mixture had 
been kept at room temp. overnight the acetone was 
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evaporated under reduced pressure, and the crude product 
recrystallized four times from ethanol (charcoal). The 4- 
methylumbelliferone tetraacetyl B-p-glucoside (5 g.) obtained 
formed white needles and had m.p. 144° and [«]?? — 40+ 2 
(c, 0-5 in CHCl,). (Found: C, 56-9; H, 5-2. CypHs.0j> 
requires C, 56-9; H, 5-2%.) The tetraacetate (5 g.) was 
deacetylated in dry methanol solution (25 ml.) by adding 
a few drops of a 10% solution of barium methoxide in dry 
methanol. Deacetylation occurred almost immediately 
with the production of a precipitate (3-5 g.), which, on 
repeated recrystallization from ethanol and finally from 
water, yielded 4-methylumbelliferone B-p-glucoside hemi- 
hydrate as colourless needles, with m.p. 211° and [«]?? — 89-5 
+2° (c, 0-5 in water). (Found: C, 55-4; H, 5-3; H,O, 2-4. 
CigH,g03,0-5H,O requires C, 55-4; H, 5-5; H,O, 2-6%.) 
Before use as a substrate, the glucoside was recrystallized 
repeatedly from ethanol and water until its fluorescence 
was negligible. 

Enzyme preparations. The Taka diastase, emulsin and 
8-glucuronidase were obtained commercially (L. Light and 
Co.). 

Assay of B-glucosidase 


Enzyme solutions. Samples of tissue from freshly killed 
animals, or, with small insects, the whole animals, were 
ground in distilled water in a Potter—Elvehjem all-glass 
homogenizer. After a trial incubation all tissue prepara- 
tions were diluted with distilled water until 1 ml. liberated 
approximately 1 yg. of 4-methylumbelliferone in 30 min., 
with the fluorimetric method of estimation at pH 10-3 
(Mead et al. 1955). 

Method of assay. A 0-005 solution of 4-methylumbelli- 
ferone glucoside in water was prepared freshly each day and 
stored in the refrigerator until needed, since it was found to 
decompose appreciably overnight at room temp. For assay, 
0-5 ml. of substrate solution and 3-5 ml. of 0-2m acetate 
buffer at the optimum pH were added to each of three tubes 
and all solutions were incubated at 37°. Enzyme solution 
(1 ml.) was added to two of the tubes, and 1 ml. of boiled 
enzyme solution to the third (control) tube, and the incu- 
bation continued for exactly 30 min., when the reaction was 
stopped and the fluorescence was developed by adding 
15 ml. of 0-2m glycine buffer, pH 10-3. In inhibition 
experiments the 3-5 ml. of acetate buffer were replaced by 
3 ml. of buffer and 0-5 ml. of inhibitor solution in acetate 
buffer. 

The intensity of the fluorescence was measured against 
a quinine standard (4g. of quinine sulphate/ml. in 0-1N- 
H.SO,), by means of a Spekker absorptiometer with 
fluorimetry attachment, as described by Mead et al. (1955). 
Where control values were too low to be measured directly, 


the solution after incubation was diluted with 14 ml. of 


glycine buffer and 1 ml. of a 4-methylumbelliferone solu- 
tion (1 yg./ml.) was added to bring the fluorescence within 
the range of the fluorimeter. 


Optimum pH and substrate concentration 

Estimations of f-glucosidase activity from 
various sources were made by the method described 
above over the pH range 3-7—5-5 with 0-2 acetate 
buffer and 4-75-6-8 with 0-25m succinate buffer; 
no alteration of pH optimum with buffer was noted 
in any case. The pH optima of £-glucosidase from 
a number of sources are shown in Table 1. 
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Table 1. 


Substrate, 0-5 mm 4-methylumbelliferone glucoside. 


Optimum pH of some B-glucosidases 


Optimum pH in 
0-2 acetate or 
0:125™M succinate 


Source of B-glucosidase buffers 

Locust 

Crop fluid 5-1-5-4 

Gut 5-4 
Cockroach 

Gut 5-4 
Rat 

Kidney 5+2-5-7 
Guinea pig 

Liver 5:15-5-4 

Duodenum 5-4 
Rabbit 

Liver 5-2 
Taka diastase 45-48 
Glucuronidase 4:5-4-7 


Under standard conditions the degree of hydro- 
lysis with a given enzyme solution was found to be 
proportional to time of incubation for periods of up 
to 4 hr. 

The effect of substrate concentrations varying 
between 2x10-5m and 5x10-*m at pH 4-5 for 
Taka diastase and 5-2 for locust-crop fluid showed 
almost maximal activity at 5x 10-*m. Above this 
concentration the fluorescence of the substrate 
caused appreciable blank values, and a 5 x 10-*m 
concentration was used for all subsequent assays. 


B-Glucosidase activity of various tissues 

The hydrolytic activity at pH 5-2 for animal 
tissues, and at the observed optima for other 
sources, was measured by the method described. 
The results (Table 2) show a widespread distribu- 
tion of f-glucosidase at low concentrations in 
animal tissues, with higher values in the insects. 
Rabbit tissues were somewhat higher in activity 
than those of other warm-blooded animals ex- 
amined. 


Identity of B-glucosidase in locust-crop fluid 


B-Glucuronidase has been shown to be present in 
locust-crop fluid (Robinson, Smith & Williams, 
1953), and the presence of £-glucosidase in the same 
material led us to inquire whether the two activities 
might not be due to a single enzyme of low sub- 
strate specificity. Karunairatnam & Levvy (1951) 
found that mouse-liver £-glucuronidase was com- 
pletely inhibited by a 0-01 saccharate solution, 
the inhibition being later shown to be due to the 
presence of saccharo-1:4-lactone (Levvy, 1952), 
which is formed in the solution on boiling. Robin- 
son et al. (1953) showed that at this concentration 
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Table 2. B-Glucosidase activity of various sources 


Activity at optimum pH 


in acetate buffer 


(ug. of 4-methylumbelliferone 
liberated/hr./g. wet wt.) 


Source Average 


Locust (Locusta migratoria) 


Crop fluid* 371 000 


Range 


10 900-960 000 


Fore-gut 1 610 1 480-1 740 
Mid-gut 6 030 2 600-9 140 
Hind-gut 10 900 1 780-25 600 
Cockroach (Periplaneta americana) 
Fore-gut 160 000 34 600-316 000 
Mid-gut 171 000 15 200-630 000 
Hind-gut 104 000 2 000-458 000 
Flour beetle (7'enebrio) 
Whole larva 35 800 20 900-54 200 
Greater water boatman (Notonecta) 
Whole insect 732 605-815 
Black aphis (Aphis fabae) 
Whole insect 1 660 ad 
Rat 
Liver 44? 202-623 
Kidney 3 710 1 270-8 650 
Spleen 500 151-980 
Duodenum 998 420-1 290 
Heart , 161 18-333 
Muscle 50 0-50 
Guinea pig ; 
Liver 1710 1 000-2 900 
Kidney 401 182-685 
Spleen 391 150-578 
Duodenum 13 400 9 750-18 100 
Heart 279 71-550 
Muscle Too low to be detected 
Ferret 
Liver 249 202-290 
Kidney 256 239-278 
Spleen 179 77-301 
Duodenum 438 290-605 
Heart 63 27-112 
Muscle Too low to be detected 
Rabbit 
Liver 68 400 59 600-82 300 
Kidney 20 200 14 900-27 200 
Spleen 562 572-630 
Duodenum 105 000 49 200-202 000 
Heart 1 105 226-1 590 
Muscle Too low to be detected 
Mouse 
Liver 586 370-765 
Kidney 312 194-485 
Spleen 699 335-865 
Duodenum 721 600-945 
Heart 223 139-384 
Muscle Too low to be detected 
Cress seedlings 933 232-1 824 
Emulsin 36 000 — 
Taka diastase 64 000 — 
B-Glucuronidaset 180 000 — 


* Values expressed as yg. liberated/hr./ml. of fluid. 
+ The glucuronidase activity was 46 600 yg./g. expressed as 4-methylumbelliferone liberated/hr. 
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Separate identity of B-glucosidase in locust-crop fluid 


Table 3. 
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Equal portions of diluted crop fluid incubated with substrate in acetate buffer, pH 4-5.* 


Substrate 


4- 
4. 
4- 


Methylumbelliferone £-glucoside (0-5 mm) 
Methylumbelliferone £-glucuronide (0-1 mm) 
Methylumbelliferone B-glucoside (0-5 mm) 


Wt. of 4-methyl- 
um belliferone 
liberated/hr. 
(ug-) 

0-35 
0-13 
0-49 


+4-methylumbelliferone B-glucuronide (0-1 mm) 
* At this pH, the activity of 8-glucuronidase is at its optimum, but the B-glucosidase activity (optimum pH 5-1-5-4) is 


reduced to the same order as that of B-glucuronidase. 


the B-glucuronidase of locust-crop fluid was also 
completely inhibited. By means of the method 
described above, it was found that the B-gluco- 
sidase present was unaffected by a 0-01M concen- 
tration of boiled saccharate solution. Under similar 
conditions, a 0-01M concentration of glucono-1:4- 
lactone in the solutions during incubation com- 
pletely inhibited the £-glucosidase activity of 
locust-crop fluid, 60% inhibition being observed 
with an inhibitor concentration of 10-4m. No 
inhibitory effect on B-glucuronidase was observed 
at these concentrations. These latter results, which 
are comparable with those of Conchie (1954) for 
sheep-rumen-liquor £-glucosidase, suggest that the 
two activities are not related to the same enzyme. 
This conclusion was confirmed by an experiment 
with mixed substrates. If a single enzyme is 
involved, two substrates presented together at 
their optimum concentrations should compete for 
the active centres, whereas the presence of two 
enzymes would result in both substrates being 
hydrolysed at their maximum rates. 

The £-glucuronidase activity of a diluted sample 
of locust-crop fluid was estimated by the method of 
Mead et al. (1955), and the B-glucosidase activity 
of the same sample measured by the present 
method. In a third experiment, both substrates 
were presented simultaneously; here, the amount 
of 4-methylumbelliferone liberated proved to be 
equal to the sum of the amounts liberated from the 
two substrates when treated separately, showing 
that no competitive inhibition had taken place 
(Table 3). 


Paper electrophoresis of locust-crop fluid 


Erdman & Jorpes (1941) have been able to 
purify B-glucosidase by electrophoresis, and by a 
similar method Jermyn (1952) showed the f- 
glucosidase of Aspergillus oryzae to be a complex 
mixture of enzymes. 

The f-glucosidase of locust-crop fluid could be 
separated from the f-glucuronidase present by 
paper electrophoresis in the following manner. 
A strip of filter paper (Whatman no. 3MM) 


8em. x 50cm. wassoaked in buffer of the desired pH, 


diluted so that a potential difference of 10v/cm. 
could be obtained across the paper with a current 
of 4-5ma. Surplus moisture was removed and a 
thin line of the crop fluid drawn centrally across the 
strip, which was then clamped between two sili- 
cone-treated glass plates 10 cm. x 40 cm., and the 
exposed ends were allowed to hang in Perspex 
vessels containing buffer and fitted with carbon 
electrodes. A potential difference of 500v was 
applied across the electrodes for 2-5 hr., when the 
paper was removed, allowed to dry and cut into 
longitudinal strips. 

B-Glucosidase could be detected on the paper by 
spraying with a 1% solution of 4-methylumbelli- 
ferone £-glucoside in 0-2M acetate buffer, pH 5, 
and placing the damp paper in an air incubator at 
37° for 10min. On exposure of the paper to 
ammonia vapour the position of the enzyme could 
be observed by the fluorescence, under ultraviolet 
light, of the liberated aglycone. f£-Glucuronidase 
could be detected by treating another strip anal- 
ogously with a solution of 4-methylumbelliferone 
B-glucuronide. 

A quantitative estimation of the distribution of 
the enzymes was made by performing the electro- 
phoresis as already described. The paper was then 
cut laterally into lcm. strips, each strip being 
placed immediately into a separate test tube with 
4-5 ml. of acetate buffer, pH 5-2 for B-glucosidase 
and pH 4-5 for B-glucuronidase. The tubes were 
heated to 37°, and 0-5 ml. of the appropriate sub- 
strate solution was added. After incubation for 
30min. the fluorescence was developed and 
measured in the usual way. 

The results are shown in the form of histograms 
in Fig. 1. Electrophoresis was carried out at 
different pH values over the range 3—10-3, and in 
each case f-glucuronidase showed a different 
distribution on the paper from  £-glucosidase, 
suggesting that two different enzymes are involved. 

At pH 6-8, B-glucosidase appeared in two loca- 
tions. After 2-5hr., approximately 75% of the 
total activity was found 8-13 em. from the origin in 
the direction of the anode, while the remainder had 
moved only 1-4cm. in the same direction. This 
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Fig. 1. Distribution of »8-glucuronidase and f-glucosidase 
activities after paper electrophoresis at 10v/em. for 
25hr. ----, B-Glucuronidase activity; ——-, p- 
glucosidase activity. A, pH 3-0 in 0-02m acetate-HCl 
buffer; B, pH 5-0 in 0-02 acetate buffer; C, pH 6-8 in 
0-02M phosphate buffer; D, pH 8-6 in 0-025 veronal 
buffer; ZH, pH 10-3 in 0-02 glycine buffer. 

may not be a true representation of the relative 

concentrations of the two fractions, since it has 

been shown that the f-glucosidase fractions may 

vary in substrate specificity (Jermyn, 1952). 

Measurement of optimum pH in 0-125M succinate 

buffer showed that the fast-moving band had 

maximum activity at pH 4-9, whereas the band 
remaining close to the origin had an optimum pH 

of 5-4. 

DISCUSSION 


The fluorimetric method described is rapid and 
simple in operation. The extreme sensitivity allows 
small amounts of f-glucosidase to be detected and 
estimated; stronger sources can be diluted so 
extensively that interference by coloured sub- 
stances and by tissue particles is eliminated. In no 
case was it found necessary to deproteinize the 
solution before the final measurements. 

The results shown in Table 2 indicate that the 
enzyme is widespread in low concentrations in 
animal tissues, the most active organs in the warm- 
blooded animals being liver, kidney and duodenum, 
and it is perhaps significant that the activity is 
lowest in the only carnivorous animal examined, 
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the ferret. A similar relationship occurs in the 
insects, where the carnivorous Notonecta appears to 
have a lower concentration than the locusts. 
However, strict comparison is not possible, since 
the whole insect was used in the former case owing 
to difficulties of dissection. The results throw light 
on the earlier observations of Hunt (1923) that 
rabbits and guinea pigs are susceptible to poisoning 
by amygdalin, an effect ascribed to decomposition 
by the gut contents with release of HCN. The snail 
(Helix pomatia), which is known to contain a 
powerful f-glucosidase, is also poisoned, but the 
carnivorous dog appears to be relatively immune. 

The occurrence of both f-glucuronidase and - 
glucosidase in the same material is not unusual. 
B-Glucuronidase is widespread in the tissues of 
warm-blooded animals, and has been shown to 
occur in high concentrations in the digestive juice 
of the snail (Jarrige & Henry, 1952). Both enzymes 
have also been shown to occur in sheep-rumen 
contents (Karunairatnam & Levvy, 1951; Conchie, 
1954), and it has been suggested that they may be 
associated with the digestion of polysaccharides. 
The enzymes may have a similar role in the locust, 
but it is not known whether they are secreted, or 
whether they are of microbial origin as in the sheep. 
The £-glucosidase of locust-crop fluid has the same 
optimum pH (5-1—5-4) as the enzyme from animal 


* tissues, and the enzyme occurring in a bacterial 


glucuronidase preparation has a different optimum, 
at pH 4-5-4-7. 
SUMMARY 


1. 4-Methylumbelliferone B-p-glucoside has been 
prepared, and its use as a fluorigenic substrate in 
the assay of B-glucosidase is described. 

2. The enzyme has been found to be present in 
the five species of insects and the five laboratory 
animals examined. 

3. The pH optima for animal tissues lie within 
the range 5-1—5-7. 

4. The f-glucosidase of locust-crop fluid has been 
shown to be different from the £-glucuronidase 
occurring in this fluid, and the two enzymes behave 
differently on electrophoresis. 

5. The results are discussed in relation to the 
nutritional habits of the animals concerned. 

I am grateful to Dr E. Cameron of this school, and to the 
Anti-Locust Research Centre, Natural History Museum, 
for supplies of cockroaches and locusts respectively, and to 
Professor R. T. Williams for his interest in this work. The 
expenses of this work were in part defrayed by a grant to 
Professor Williams from the Medical Research Council. 
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Present knowledge of the metabolism of terrestrial 
plants and freshwater algae is considerable (ef. 
Bonner, 1950; Fogg, 1953) and a large number of 
enzymes and enzyme systems have been detected 
in plant tissues and extracts; subsequently, many 
of these have been isolated and purified. In addi- 
tion, certain freshwater algae (e.g. Chlorella and 
Scenedesmus) have been widely used in studies of 
photosynthesis and intermediary carbohydrate 
metabolism. By contrast, similar information on 
marine algae is lacking, and few investigations of 
the enzyme systems of marine algae have been 
reported, although the chemical structure of many 
of the end-products of anabolism has been investi- 
gated (cf. Black, 1953). 

In co-operation with the Institute of Seaweed 
Research, a survey of the enzyme systems of 
marine algae has been commenced, and, in view of 
our previous interest in the enzymic hydrolysis of 
glucosides and glucosans (Manners, 1952, 1955), 
our preliminary experiments have been directed 
towards the detection of carbohydrases in extracts 
of marine algae. In the present paper, evidence for 
the presence of a number of soluble carbohydrases 
in a member of the Phaeophyceae (Laminaria 
digitata), a member of the Rhodophyceae (Rhody- 
menia palmata) and two species of Chlorophyceae 
(Cladophora rupestris and Ulva lactuca) is recorded. 
A preliminary account of part of this work has 
already been published (Duncan, Manners & Ross, 
1954). 


Analytical methods 


Paper chromatography. (a) Sugars. Descending chro- 
matograms were carried out at room temperature with 
Whatman no. 1 paper and n-butanol—pyridine—water- 
benzene (5:3:3:1, by vol.) as solvent (De Whalley, Albon & 
Gross, 1951). An alkaline silver nitrate reagent (Trevelyan, 
Procter & Harrison, 1950) or aniline oxalate reagent 
(Partridge, 1949) was used to detect the sugars on the 
chromatograms. The rate of movement of sugars (2g) was 
determined by dividing the distance moved by the sugars 
from the starting line by the distance moved by p-glucose 
(Rg 1-0) under identical conditions. The Rg value of a 
particular sugar was found to vary on different chromato- 
grams, e.g. laminaribiose had Rg 0-65-0-76; hence, pre- 
liminary identification of a sugar was carried out by 
placing the sugar and the appropriate reference compound 
on the same chromatogram, and not by calculation of the 
Rg value. 

(b) Phosphate esters. Development and detection was 
effected by the method of Hanes & Isherwood (1949), with 
n-propanol-ammonium hydroxide-water (6:3:1, by vol.) 
and glucose 1- and 6-phosphates as reference compounds. 

Reducing sugars. Reducing sugars were determined by 
(a) the iodometric Shaffer & Somogyi (1933) reagent as 
modified by Hanes & Cattle (1938), (6) the iodometric 
Somogyi (1945a) reagent, or (c) the colorimetric Nelson 
(1944) reagent as modified by Somogyi (1952). The reagents 
were calibrated, as required, against glucose and maltose. 
Deproteinization, when necessary, was effected by ZnSO,- 
Ba(OH), (Somogyi, 19455). 

Glucose 1-phosphate. A slight modification of the method 
of Allen (1940) was used. 
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Nitrogen. Kjeldahl-N was determined by the method of 
Chibnall, Rees & Williams (1943). 

Soluble protein. Soluble protein was extracted from fresh 
minced seaweed by gentle stirring at room temperature 
with a suitable solvent; the extract was centrifuged, and the 
supernatant solution dialysed, freeze-dried and analysed 
for Kjeldahl-N. 

Viscosity measurements. The decrease in viscosity of 
solutions of certain polysaccharides was measured with an 
Ostwald viscometer with a 10 cm. capillary and flow time of 
222 sec. for 10 ml. of water at 20°. Results are expressed in 
terms of the specific viscosity (i.e. relative viscosity — 1). 


Substrates 


Glycosides and sugar phosphates. Phenyl «- and B-p- 
glucosides were synthesized by the methods of Helferich 
& Smitz-Hillebrecht (1933) and Nath & Rydon (1954) 
respectively. Glucose 1- and 6-phosphates were prepared 
by Maung Khin Maung by the methods of McCready & 
Hassid (1944) and Viscontini & Olivier (1953) respectively. 
Dr D. J. Bell kindly provided specimens of phenyl and 
n-butyl -D-galactosides. The other glycosides were 
laboratory or commercial specimens. 

Di- and oligo-saccharides. Gentiobiose was prepared by 
the synthetic action of emulsin on glucose as described by 
Peat, Whelan & Hinson (1952). Isomaltose and isomalto- 
triose were isolated by charcoal—Celite chromatography of 
a partial acid hydrolysate of dextran; laminaribiose was 
prepared by similar means from laminarin. We are in- 
debted to Miss M. Carter for a sample of xylobiose. Maltose 
was recrystallized thrice from 80% (v/v) aqueous ethanol 
and further purified by charcoal—Celite chromatography. 
Dr W. J. Whelan kindly provided a sample of maltotriose. 
The homogeneity of all other di- and oligo-saccharides was 
examined by paper chromatography. 

Polysaccharides. We are indebted to Dr G. O. Aspinall for 
samples of esparto xylan (Chanda, Hirst, Jones & Percival, 
1950) and ivory-nut mannan A (Aspinall, Hirst, Percival & 
Williamson, 1953); to Dr D. J. Bell for a sample of leafy- 
cocksfoot levan (Bell & Palmer, 1952); to Professor C. 8. 
Hanes, F.R.S., for a sample of cellodextrin; to Dr D. H. 
Northcote for samples of yeast glucan (Bell & Northcote, 
1950) and yeast mannan; to Dr B. Lindberg for a sample of 
pustulan (Lindberg & McPherson, 1954); to Professor I. A. 
Preece for a sample of barley B-glucosan (cf. Aspinall & 
Telfer, 1954); to Dextran Ltd. for a sample of dextran; and 
to Imperial Chemical Industries Ltd.’ for a sample of 
Cellofas B (sodium carboxymethylcellulose). Xylan was 
isolated from R. palmata by the method of Barry & Dillon 
(1940). 

Reference carbohydrases 


Emulsin. Emulsin (British Drug Houses Ltd., 10-5 g.) 
was suspended in water (175 ml.) and 0-2 acetate buffer 
(pH 5-0; 25 ml.), and dialysed against tap water at room 
temperature for 4 days, to lower the reducing sugar con- 
tent. After centrifuging, the supernatant liquid was freeze- 
dried; yield 3-0 g.; N, 11-83%. 

Barley ‘laminarinase’. Flour (100g.) from Spratt— 


Archer barley was extracted with 3% (w/v) KCl solution 
(350 ml.) by gentle stirring at room temperature for 2 hr. 
To the supernatant solution, obtained by centrifuging, 
ammonium sulphate was added to 0-75 saturation. The 
precipitated protein was suspended in water, and dialysed 
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for 4 days against running tap water. During dialysis a 
precipitate formed and was removed by centrifuging; 
yield 1-1 g.; N, 6.4%. The remaining solution was freeze- 
dried and the laminarinase activity of the resulting powder 
was determined (Table 4); yield 1-8 g.; N, 10-1%. 


Enzymic reactions 

Qualitative demonstration of carbohydrase activity. 
Carbohydrate (approx. 30 mg.) was incubated with freeze- 
dried extract (approx. 30 mg.) suspended in 0-07-0-20m 
acetate buffer (pH 5-0; 3 ml.). The digests were examined at 
intervals by paper chromatography, the results being 
expressed as follows: (3+) end-products detected within 
1-3 days of incubation; (2+) within 3-7 days; (+) after 
7 days; (+) very slight activity. By this method, re- 
producible results have been obtained. Unless otherwise 
stated, enzymic reactions were carried out at 35°, aseptic 
conditions being maintained by use of toluene. 

Quantitative demonstration of carbohydrase activity. 
Digests containing carbohydrate (approx. 50 mg.), freeze- 
dried extract (approx. 50mg.), 0-2m acetate buffer 
(pH 5-0) and water to a final volume of 40-50 ml. were set 
up. The reducing power of 5 ml. portions was determined 
at intervals; as the extracts (0-1%, w/v) had no reducing 
power and did not interfere with the Somogyi reagents, 
deproteinization was unnecessary. In a single experiment 
(with yeast glucan), 1-3% (w/v) of extract was used, and 
the samples were accordingly deproteinized. The effect of 
pH on the ‘maltase’ and ‘laminarinase’ activities of the 
extracts was investigated by incubating substrate (10 mg.), 
extract (12 mg.), water (10 ml.) and B.D.H. Universal 
Buffer (pH 4-0-9-0; 10 ml.) at 35°. The reducing power of 
5 ml. portions was determined after 24 or 48 hr. In similar 
experiments on the salicinase activity, the digests com. 
prised salicin (15 mg.), extract (30 mg.), water (7 ml.) and 
B.D.H. Universal Buffer (pH 4-4-7-0; 5 ml.). 


RESULTS 

Extraction of soluble protein from marine algae 
Although in exploratory experiments a variety of 
methods were used in attempts to disintegrate 
algal fronds and stipes (e.g. by homogenization, 
freezing at —35° and milling, freeze-drying and 
milling), mechanical mincing in ice water proved to 
be the most satisfactory and has been used through- 
out this study. A variety of solvents have been 
used to extract protein from the minced algae; the 
results obtained with R. palmata are recorded in 
detail in Table 1; essentially similar results were 
obtained with L. digitata stipe. 

Since extraction with 0-25 % (w/v) Na,CO,; gave 
material with the highest ‘protein’ content, this 
solvent has been used in later extractions, even 
though extraction with distilled water and 20% 
ethanol gave a greater total yield of crude protein. 


Preparation of whole extracts of marine algae 


Several extracts from the four algae have been 
prepared during the past 3 years. The method of 
preparation has been modified slightly on occa- 
sions, but a typical preparation is described below. 
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Fresh hand-pressed algae (2-3 kg.), minced with ice 
water, was extracted by stirring with 0-25 % (w/v) Na,CO, 
(3-4 1.) at room temperature for 15-18 hr. The pH of the 
solution, originally approx. 9, fell slowly to a final value of 
6-7. (If the pH of a L. digitata extract falls below 5, co- 
precipitation of protein and alginate occurs.) After 
centrifuging (2000g for 20-30 min.), the extract was 
dialysed against running tap water for 3-4 days to remove 
free sugars, amino acids, peptides and other material. 
Ammonium sulphate was added to 0-7-0-8 saturation, and 
the precipitated protein was collected by centrifuging at 0°. 
No further precipitate was formed on increasing the 
(NH,).SO, above 0-8 saturation. (If the dialysis stage is 
omitted, the precipitation of protein by (NH,),SO, is 
retarded and is incomplete.) The precipitated protein was 
redissolved in water, and reprecipitated with (NH,),SO, 
at approx. 0-7 saturation. The resulting precipitate was 
centrifuged, dissolved in water, dialysed until free of 
(NH,).SO, and freeze-dried. 

The yields of crude protein extracted from the 
four marine algae, in one series of experiments, are 
recorded in Table 2; the weights of extracts used in 


Kjeldahl-N content of extracts of 
Rhodymenia palmata 


Table 1. 


Minced algae (50 g.) was extracted with 100 ml. of 
solvent at room temperature for 18 hr. The extracts were 
then centrifuged, freeze-dried and analysed for Kjeldahl-N. 


Weight of 


material N 

extracted content 
Solvent (g.) %) 
Distilled water 0-75 3-0 
0:25 % (w/v) Na,CO, 0-44 3-7 
3% (w/v) KCl 0-69 2-1 
20% (v/v) Ethanol 1-2] 1-6 
Water, saturated with n-butanol 1-00 1-4 
0-2m Borate buffer, pH 9-0 0-41 2:3 
0-2m Phosphate buffer, pH 8-0 0-47 3-1 
Solvent A* 0-63 1-0 
Solvent By 1-10 0-9 


* Solvent A: 0-95% (w/v) borax solution-ethanol-ether 
(10:4:1, by vol.). 
+ Solvent B: 0-2m Borate buffer 


J (pH 9-0)-water- 
ethanol-n-butanol (5:5:4:1, by vol.). 
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the following experiments refer to these freeze- 
dried materials. In some extracts, a precipitate of 
inert material appeared during the dialysis and was 
discarded; in other experiments, a proportion of 
the material precipitated by (NH,).SO, was found 
to be insoluble in water, and since it had only weak 
carbohydrase activity it was also discarded. 
Experiments with L. digitata fronds showed that 
although the residue from the original extraction 
still contained appreciable amounts of nitrogenous 
material (N, 1-9%), it showed little or no carbo- 
hydrase activity. Control experiments have shown 
that the carbohydrase activity of the extract (with 
the exception of that towards starch) is unaffected 
by common inorganic ions, and that dialysis does 
not appreciably diminish the activity. 


Specificity of carbohydrase activity 

The seaweed extracts were tested for activity 
towards various groups of similar carbohydrates. 
The results, obtained by paper chromatography, 
were essentially similar for all four extracts; those 
for C. rupestris are as follows, activity being 
expressed as detailed under Methods. 

a-Glucosides. (3+) Isomaltose, isomaltotriose, 
maltose, maltotriose, phenyl «-glucoside; (2+) 
sucrose, trehalose; (+) methyl «-glucoside. 

B-Glucosides. (3+) Aesculin, amygdalin, arbutin, 
cellobiose, gentiobiose, helicin, laminaribiose, 
phenyl f-glucoside, salicin; (+) methyl f-gluco- 
side, phloridzin. 

Miscellaneous glycosides. (3+) Xylobiose; (+) 
lactose; (+) melibiose; no activity towards n- 
butyl and phenyl {-galactosides, hesperidin, 
methyl «-galactoside, methyl «-mannoside, quer- 
citrin, raffinose and rutin. 

Polysaccharides. (3+) Barley f-glucosan, cello- 
dextrin, Floridean starch, glucan (yeast), glycogen, 
laminarin, lichenin, soluble starch, xylan (Rhody- 
menia); (2+) mannan (ivory nut); (+) carob gum, 
xylan (Esparto); no activity towards fucoidin, 
inulin, levan, mannan (yeast) and pustulan. 


Table 2. Extraction of soluble protein from marine algae 


The method of extraction is described in the Results section. 


Place and date 
of collection 


Species 
Dunbar 


Cladophora rupestris* 
(22. i. 54) 


Laminaria digitatat 
(1. xii. 53) 


Rhodymenia palmata* North Berwick 


(24. ix. 53) 


Ulva lactuca* 
(29. vi. 54) 


* Whole plant minced. 


North Berwick 


North Berwick 


Weight of Weight of 


algae soluble 
extracted extract N content 
(g-) (g-) (%) 
2900 42-2 8-8 
3550 2-7 5:5 
2600 2-4 7-2 
2500 16-0 7-7 


{ Stipes only minced. 
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The extracts thus contain «-glucosidase, B- 
glucosidase, xylobiase, lactase, amylase, mannan- 
ase, xylanase and f£-glucosanases capable of 
hydrolysing both 1:3- and 1:4-glucosidic linkages. 

Examination of the paper chromatograms from 
the above experiments has provided evidence for 
the type of polysaccharase action, since step-wise 
hydrolysis (‘exo’ action) of a polysaccharide yields 
only the constituent monosaccharide(s), whereas 
random hydrolysis (‘endo’ action) gives rise, at 
intermediate stages, to a series of oligosaccharides. 
During the hydrolysis of laminarin by L. digitata 
extract a series of reducing sugars was produced; 
the sugar with the highest chromatographic 
mobility had the same R, value as authentic 
glucose. Random hydrolysis of f-1:3-glucosidic 
linkages had therefore occurred. The xylanase 
activity of the extracts is also ‘endo’ action since 
pentoses with the R, values of xylose, xylobiose, 
xylotriose (and higher xylosaccharides) are pro- 
duced; these di- and oligo-saccharides are not 
reversion products since incubation of xylose (7 %) 
with C. rupestris or U. lactuca extract under 
identical conditions did not result in the synthesis 
of xylosaccharides within 21 days. 

The enzyme action on maltose, laminarin, 
starch and xylan doés not involve phosphorolysis. 
After incubation of C. rupestris extract with 
maltose, laminarin or starch, 0-1mM phosphate 
buffer (pH 6-7), 0-2% ammonium molybdate 
(glucose i-phosphatase inhibitor) and 1-4mm 
mercuric chloride or 0-01mM _ sodium fluoride 
(phosphoglucomutase inhibitors), for 4-7 days, 
glucose 1-phosphate could not be detected. 
Furthermore, paper chromatographic analysis of 
a digest of R. palmata extract, xylan (Rhodymenia) 
and phosphate buffer showed sugar phosphates to 
be absent. 

In control digests from which the algal extract 
had been omitted, or in those containing boiled 
extract, free monosaccharides were not liberated 
on incubation for periods up to 28 days. The 
observed activity is therefore due to thermolabile 
factors in the algal extract and not to the ad- 
ventitious presence of toluene-resistant carbo- 
hydrase-producing micro-organisms in the buffer 
and carbohydrate solutions. 


Action on a-glucosides and «-1:4-glucosans 


The four algal extracts contain enzymes cata- 
lysing the hydrolysis of maltose and other «- 
glucosides, and of glycogen and starch. Qualita- 
tively, maltose was hydrolysed more readily than the 
other «-glucosides, and, in dilute solution, enzyme 
action was essentially complete. Thus, R. palmata 
extract (0:04%) caused a slow hydrolysis of 


maltose (0-04%) at pH 5-1 and 35°, a constant 
level of 91 % conversion being attained in 10 days. 
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After prolonged incubation (15 days) of maltose 
(1%) with an extract of L. digitata, in addition to 
glucose, the formation of a reducing sugar (here- 
after designated M1) with a chromatographic 
mobility lower than maltose was observed. In 
further experiments with C. rupestris and U. 
lactuca extracts and with higher concentrations of 
maltose, the synthesis of two additional reducing 
sugars (M1 and M2) has been shown. For example, 
in more concentrated solution (7% maltose) 
glucose, maltose and traces of M1 were detected 
within 4 days, and, after 8 days, glucose, maltose, 
M1 and M2 were present, whilst in a digest con- 
taining 17% maltose chromatographic evidence 
for the synthesis of M1 and M2 was obtained after 
only 24 hr. incubation at 35°. Control experiments 
have shown that no such synthesis takes place in 
digests containing boiled seaweed extracts. On 
incubation with glucose (7%) no synthesis of any 
sugars occurred ; the formation of M1 and M2 from 
maltose is therefore due to trans-x-glucosylase 
activity. A comparison of the R, values of M1 and 
maltotriose, and of their corresponding N-benzyl- 
glycosylamines (cf. Bayly & Bourne, 1953) 
suggests that M1 is maltotriose; this suggestion 
is supported by the fact that M1 is com- 
pletely hydrolysed to glucose and maltose by 
unpurified salivary amylase. Attempts to induce 
transglucosylase activity by using maltose as glu- 
cosyl donor, and methanol, fructose or galac- 
tose as glucosyl acceptors have not yet been 
successful. 

Transglucosylation of «-1:6-linkages has also been 
demonstrated; in a digest consisting of isomaltose 
(7%) and C. rupestris extract (0-3%), chromato- 
graphic evidence for the formation of a higher 
saccharide with R, 0-14 was obtained after 6 days 
incubation. On continued incubation, the amount 
of this sugar slowly increased. Isomaltotriose has 
R, 0-14 (ef. maltotriose Rg 0-29). 

The effect of pH on the ‘maltase’ activity of the 
extracts from R. palmata, C. rupestris and U. 
lactuca has been investigated, and reducing-sugar 
estimations show that activity is optimum at 
about pH 6. 

The extracts show marked activity towards 
«-1:4-glucosans. On incubating soluble starch 
(0-1 %) with C. rupestris extract (0-15 %) at pH 5-1, 
slow hydrolysis to give 41% conversion into 
glucose was observed in 70hr. Under similar 
conditions, potato amylose and glycogen gave 32 
and 13% glucose, respectively. In the course of 
purification of the algal amylase, we have noted 
that the amylase activity may be differentiated 
from the «-glucosidase activity. On addition of 
Cl to an extract, the amylase activity is selectively 
increased ; in addition, the amylase is more thermo- 
labile than the «-glucosidase. 
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Action on B-glucosides and B-glucosans 


The preliminary experiments have shown the 
extracts to possess group-specific hydrolytic 
activity towards f-glucosidic linkages since they 
readily hydrolyse aromatic B-glucosides, and di- 
saccharides containing f-1:3-, 8-1:4- and B-1:6- 
glucosidic linkages. In these digests (excepting 
that with cellobiose) glucose was the sole end 
product of enzymic action; with cellobiose, how- 
ever, a series of reducing sugars were produced 
which will be referred to as C1, C2, C3 in order of 
decreasing chromatographic mobility. From paper 
chromatographic evidence, Cl (Rg 0-76) is ten- 
tatively identified as laminaribiose, and C;(R 0-17) 
as cellotriose. C, has Rg 0-33 (ef. cellobiose, Rg 
0-55; gentiobiose, Rg 0-40). Since enzymic syn- 
thesis of higher sugars from glucose does not 
occur under these conditions, the formation of 
laminaribiose and the cellosaccharides must be 
ascribed to trans-f-glucosylase activity by the 
algal extracts. 

8-Glucosidase action on salicin has been used to 
standardize the activity of various B-glucosidase 
preparations (Veibel, 1950); accordingly, quanti- 
tative measurements of the hydrolysis of salicin by 
the most active seaweed extract (from C. rupestris) 
have been made, and compared with a dilute 
solution of emulsin under the same conditions. On 
the basis of equal weights of protein N, the sali- 
cinase activity of emulsin was approx. 600 times 
greater than that of the extract of C. rupestris. 

The effect of pH on the ‘salicinase’ activities of 
the unfractionated extracts from C. rupestris, 
U. lactuca and R. palmata has been studied; 
reducing power estimations show the activities to 
be greatest in the range pH 6-7. 

In view of the pronounced hydrolytic activity of 
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the C. rupestris extract towards £-glucosans 
(laminarin, lichenin, glucan), further experiments 
on the mode of enzyme action have been carried out. 
Thus in order to decide whether ‘laminarinase’ 
activity was due to a single enzyme (capable of 
hydrolysing both laminaribiose and, in random 
fashion, laminarin) or to a number of enzymes, the 
activity of C. rupestris towards laminarin (and 
cellodextrin) under various conditions was ex- 
amined. Digests containing laminarin or cello- 
dextrin, phosphate buffer (pH 2-9—9-0) and normal, 
or heated extract were incubated at 35° and ex- 
amined chromatographically at intervals (‘Table 3). 
It is concluded that laminarin is hydrolysed by 
multi-enzyme action, one component catalysing 
random scission of f-1:3-linkages, and a second 
component catalysing stepwise hydrolysis; these 
components may be differentiated by the greater 
heat lability of the former. Cellodextrin is also 
hydrolysed in random fashion, but the enzyme 
involved differs from the endo-f-1:3-glucosanase 
since it is relatively heat stable. The extracts of 
C. rupestris thus contain at least three enzymes 
which can hydrolyse £-glucosidic linkages, viz. an 
endo-£-1:3-glucosanase, an endo-f-1:4-glucosanase 
(belonging, therefore, to the cellulase class of 
hydrolases) and an exo-f-glucosanase. This latter 
enzyme is probably responsible for the group- 
specific B-glucosidase activity previously noted. 

Examination of the same cellodextrin digests 
after 7 and 14 days also revealed the presence 
of a sugar having R, 0-71 (? laminaribiose) which 
had presumably arisen by trans-f-glucosylase 
action similar to that previously observed with 
cellobiose. 

Quantitative estimations of the ‘laminarinase’ 
activity (endo and exo activity) of three seaweed 
extracts have been made, and compared with the 


Table 3. Effect of pH and heat on the ‘laminarinase’ and ‘cellodextrinase’ activities 
of Cladophora rupestris extract 


Substrates (200 mg.), 0-07m phosphate buffer (4 ml.), and extract (15 mg.) were incubated at 35°. In digests 5 and 10, 
the buffer and extract were heated at 60° for 15 min. before addition of the substrate. The digests were examined by paper 
chromatography after 2 days (cellodextrin) or 7 days (laminarin). 


Reducing sugars present* 





4 a ay Pats 2g ~ 
Digest Rg Rg Rg Rg 

no. Substrate and conditions Glucose 0-65 0-33 0-46 0-08 
1 Laminarin, pH 2-9 2+ 4 2+ = a 
2 Laminarin, pH 5-1 3+ 2 + of ees i 
3 Laminarin, pH 7-0 2+ + te = an 
4 Laminarin, pH 9-0 4; + ss a <— 
5 Laminarin, pH 5-1 (heated) 2+ — =e aoe as 
6 Cellodextrin, pH 2-9 2+ — — 2+ 2+ 
7 Cellodextrin, pH 5-1 3+ = = a 3+ 
8 Cellodextrin, pH 7-0 2+ _— —_ 2+ 2+ 
9 Cellodextrin, pH 9-0 + as doe + he 
10 Cellodextrin, pH 5-1 (heated) 2+ — — 2+ 2+ 


* 3+, Intense spot on chromatogram; 2+, moderate spot; +, weak spot; —, no detectable spot. 
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Table 4. Enzymic hydrolysis of laminarin 


Digests contained laminarin (16-24 mg.), freeze-dried extract of R. palmata, C. rupestris or U. lactuca (20 mg.) or of 
barley (5 mg.) and 0-2 acetate buffer (pH 5-1) and water to 35-50 ml. After incubation at 35°, 5 ml. portions were 


analysed for reducing sugar. 


Apparent percentage conversion into glucose 
A 





Time - 


- os \ 
(days) R. palmata* C. rupestris U. lactuca Barley 
1 49 52 28 70 
2 68 74 47 87 
3 75 90 62 — 

4 ai sas 84 91 


* After 7 and 12 days’ incubation, the percentage hydrolysis was 84 and 90 respectively. 


‘laminarinase’ activity of an extract of Spratt— 
Archer barley (Table 4). The ‘laminarinase’ 
activity of the barley extract is seen to be several 
times greater than that of the seaweed extracts, on 
the basis of equal weights of protein N, although 
in all digests approx. 90 % conversion into glucose 
was eventually obtained. The ‘laminarinase’ 
activities of the extracts of C. rupestris, R.palmata 
and U. lactuca are optimum at about pH 5-5, 6-0 
and 6-3 respectively. 

To show that the above activity was not due to 
microbial contamination of the freeze-dried ex- 
tracts, the laminarinase activity of an aqueous 
extract was quantitatively compared with that of 
extracts from which micro-organisms had been 
removed. An aqueous solution of U. lactuca 
extract (1 mg./ml.) was divided into three portions 
which were treated as follows: (1) filtered by 
gravity, using a Whatman no. 1 paper; (2) filtered 
through a Seitz bacteriological filter; (3) centri- 
fuged at 90500 g¢ fur 30min. (by courtesy of 
Dr C. T. Greenwood). Each solution (10 ml.) was 
then incubated with 0-2m acetate buffer (pH 5-0; 
5ml.) and an aqueous solution of laminarin 
(1-7 mg./ml.; 5 ml.) at 35° for 48 hr. The reducing 
powers of 5ml. portions of the digests were 
equivalent to 3-32, 3-35 and 3-35 ml. of 0-01N 
sodium thiosulphate respectively, showing that no 
loss of laminarinase activity occurred during the 
procedures carried out to remove micro-organisms 
from the extracts. The above experiment, together 
with the control experiments previously reported, 
show that the digests are not contaminated with 
carbohydrase-producing micro-organisms. 

The hydrolysis of yeast glucan by C. rupestris 
extract has also been examined; after incubation of 
glucan (0-13 %) with extract (1-3%) at pH 5-1, 73 
and 76% conversion into glucose was observed 
after 3 and 6 days respectively. 

In view of the marked hydrolytic activity of the 
extracts towards cellodextrin, it was of interest to 
examine the activity towards a high-molecular- 
derivative. Sodium carboxy- 


weight cellulose 


methylcellulose (Cellofas B) was therefore incu- 
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Fig. 1. Viscosity reduction of sodium carboxymethyl- 


cellulose by extracts of C. rupestris (x) and U. lactuca 
(O). The digests contained 20 ml. of 0-25% (w/v) 
Cellofas B and 20 ml. of 0-2 acetate buffer (pH 5-0) in 
which 50 mg. of extract was dissolved, and were incu- 
bated at 20°. Viscosity measurements were made at 
intervals. 


bated with freeze-dried extracts of C. rupestris 
and U. lactuca, and the change in specific vis- 
cosity was determined (Fig. 1). Reducing power 
estimations at 18 hr. indicated an apparent 
percentage hydrolysis (as glucose) of 8 and 10 
respectively. Chromatographic examination of 
the digests showed the presence of a series of 
reducing sugars varying from glucose (Rg 1-0) to 
zero R, value, providing further evidence for the 
presence of endo-type f-1:4-glucosanases in the 
extracts. 
Bioch. 1956, 63 
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DISCUSSION 


The present preliminary investigation has shown 
that unfractionated extracts of L. digitata, R. 
palmata, C. rupestris and U. lactuca contain 
essentially similar complements of carbohydrases, 
including an «-glucosidase, £-glucosidase, amylase, 
B-1:3- and f-1:4-glucosanase, xylanase and man- 
nanase; in addition, weak hydrolytic activity 
towards lactose has been demonstrated. The 
carbohydrase complements are therefore very 
similar to those of cereal extracts, although the 
relative activities are much lower. Attempts (un- 
reported) to detect hydrolytic activity towards 
alginic acid and pectin by viscometric methods 
have not been completely successful, although a 
small decrease in the specific viscosity of the poly- 
uronides after incubation with an extract of C. 
rupestris or U. lactuca for 2-7 days has been ob- 
served. During this incubation, free uronic acids 
were not produced. Qualitatively, the activity of 
the extracts towards the majority of substrates 
tested increased in the order L. digitata<R. 
palmata < U. lactuca<C. rupestris, and paralleled 
that of the observed yield of crude protein ex- 
tracted from the algae (Table 1). It is probable 
that in L. digitata, extraction of protein was 
retarded by the presence of alginic acid; attempts 
to remove alginic acid selectively from the extract 
by precipitation as the calcium salt were un- 
successful, and resulted in coprecipitation of 
calcium alginate and protein. Smith & Young 
(1953) observed that under more drastic conditions 
(0:33 % sodium hydroxide, pH 13; 55°) only about 
50 % of the protein-N of Fucus vesiculosus could be 
extracted, and suggested that extraction of protein 
was impeded by alginate. 

For the present discussion, the hydrolytic 
activity of the extracts towards a number of «- and 
B-glucosides will be referred to as ‘a-glucosidase 
activity’ or ‘-glucosidase activity’ respectively ; 
the available data do not yet permit a distinction 
to be made between activity due to a single group- 
specific «- (or B-)glucosidase and that of a mixture 
of closely related a- (or f-)glucosidases with a 
higher degree of specificity. 

The «-glucosidase activity resembles that of yeast 
a-glucosidase in that the rate of hydrolysis of 
a-glucosides increases in the order methyl a- 
glucoside, phenyl «-glucoside and maltose, and is 
most active at approx. pH 6 (Gottschalk, 1950). 
The hydrolysis of «-1:6-linked glucosaccharides by 
the algal extracts is an interesting feature of their 
activity since ‘isomaltase’ activity has been re- 


ported in only a limited number of biological 
sources, e.g. cell-free extracts of Clostridium aceto- 
butylicum (French & Knapp, 1950) and extracts 
of brewers’ yeast (Manners & Khin Maung, 1955). 
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The specificity of B-glucosidase activity follows 
that reported for f-glucosidases from other bio- 
logical sources, methyl f-glucoside being hydro- 
lysed at a lower rate than phenyl f-glucoside or 
salicin (Veibel, 1950). The algal 8-glucosidases differ 
from emulsin in that they show no synthetic 
activity towards glucose (cf. Peat, Whelan & 
Hinson, 1952). Several examples of carbohydrases 
from plant and mould sources which show both 
hydrolytic and transglycosylase activity have been 
reported recently (e.g. Pazur & French, 1952; 
Buston & Jabbar, 1954), and it is now clear that the 
algal carbohydrases likewise show dual activity. 

Although separation of the ‘cellodextrinase’ and 
‘laminarinase’ activities of the C. rupestris extract 
has not yet been attempted, evidence for the 
presence of two distinct endo-type enzymes has 
been obtained (Table 3); the endo-f-1:3-gluco- 
sanase activity is inactivated at 60°, whereas the 
endo-f-1:4-glucosanase and f£-glucosidase are only 
partly inactivated. Dillon & O’Colla (1950) have 
noted the similar extreme thermolability of wheat 
laminarinase. 

Hydrolytic activity towards laminarin has been 
reported with almond emulsin, which yields glucose 
as the initial and sole product of a step-wise action, 
and with carbohydrases from wheat, barley and 
rye, which catalyse random hydrolysis of the 
laminarin, yielding glucose, laminaribiose and 
higher f-1:3-glucosaccharides as the initial pro- 
ducts (cf. Peat, Thomas & Whelan, 1952; Dillon & 
O’Colla, 1950, 1951; Manners, 1952, 1955). The 
algal extracts therefore resemble the cereals in 
type of laminarinase action. Dillon & O’Colla 
(1951) reported that extracts of barley, active 
towards laminarin, had no action on yeast glucan, 
and would only partially hydrolyse (20%) an 
oxidized water-soluble glucan. In_ contrast, 
Manners (1952) observed that glucan, although 
insoluble, was slowly hydrolysed by a_ barley 
extract, yielding over 70% glucose; our extract 
from C. rupestris thus shows a similar ‘glucanase’ 
activity. 

The activity of the algal extracts towards hemi- 
celluloses is of interest, in view of the limited 
occurrence of hemicellulases. The algal extracts 
produce xylosaccharides from xylan, and also 
slowly hydrolyse xylobiose, although the available 
evidence does not differentiate between single- and 
multi-enzyme action. The extracts of the two 
members of the Chlorophyceae also show appreci- 
able mannanase activity, and hydrolyse the 
B-1:4-mannosidic linkages in ivory-nut mannan 
and carob gum; in contrast, no action on the «- 
mannosidic linkages in the highly branched yeast 
mannan has been detected. 

The separation and purification of the several 
carbohydrases present in the extract of C. rupestris 
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is now being investigated. Preliminary experiments 
have shown that, on a micro scale, a partial separa- 
tion of activities can be effected by paper electro- 
phoresis, and, on a larger scale, by fractionation 
with ammonium sulphate and organic solvents at 
low temperatures. Later communications in this 
series will describe the properties of the purified 
carbohydrases, the chemical characterization of 
the oligosaccharides produced by transglucosylase 
action, and the phosphatase and proteinase 
activity of the C. rupestris extract. 


SUMMARY 


1. A survey of the carbohydrase activity of un- 
fractionated extracts of four species of marine 
algae has been carried out. 

2. The extracts show hydrolytic activity to- 
wards a number of «- and £-glucosides, lactose, 


mannan, xylan, starch, glycogen, laminarin, 
lichenin, glucan, cellodextrin and sodium carboxy- 
methylcellulose. 


3. Under certain conditions, enzymic synthesis 
of higher saccharides from maltose, isomaltose and 
cellobiose has been observed. 

4. The hydrolytic activity of an extract of C. 
rupestris towards cellodextrin and laminarin has 
been shown to be due to separate enzymes. 

5. The effect of pH on the hydrolytic activity of 
the extracts towards maltose, salicin and lami- 
narin has been examined. 


The authors are grateful to Professor E. L. Hirst, F.R.S., 
for his advice and encouragement, to the Institute of 
Seaweed Research for a research grant (to W. A.M. D.), and 
to Scottish Agricultural Industries Ltd. for a gift of 
chemicals. The work described in this paper forms part of 
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weed Research. 
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It has been suggested that ascorbic acid is necessary 
for the transparency and metabolism of the 
crystalline lens (see Bellows, 1944). Primarily, this 
is based on well-authenticated observations of a 
loss of ascorbic acid from animal and human lenses 
undergoing spontaneous opacification. In experi- 
mentally induced cataract, however, loss of 
ascorbic acid does not always occur; thus, naph- 
thalene and galactose given orally to rabbits 
produce cataracts which are accompanied by a 
decrease in ascorbic acid (Bellows & Rosner, 1937; 
Rosner, Farmer & Bellows, 1938), and rabbits given 
alloxan intravenously, or directly irradiated with 
X-rays, develop cataracts with no significant 
change in the ascorbic acid of the lens (Waters, 
1950; Pirie, Van Heyningen & Boag, 1953). 

The cause of the variability of the ascorbic acid 
level in the cataractous lens is to be found in 
several factors likely to influence the distribution 
of ascorbic acid between this tissue and the 
aqueous humour. The principal factor extrinsic to 
the lens is the concentration of ascorbic acid in the 
aqueous humour; this is determined by the rate of 
secretion of ascorbic acid across the ciliary epi- 
thelium (Kinsey, 1947; Langham, 1950; Linnér, 
1952; Barany & Langham, 1953, 1955). There is 
now little, if any, evidence that synthesis of 
ascorbic acid occurs in the rabbit lens (Kinsey, 
1950; Linnér, 1952; Langham, 1955), but there are 
two intrinsic factors which could modify the 
ascorbic acid content, namely permeability and 
metabolism. That the metabolism of the lens itself 
might actively inhibit the disappearance of ascorbic 
acid is suggested by the recent isolation from cattle 
lenses of the enzyme glutathione reductase which 
catalyses the reduction of oxidized glutathione by 
reduced triphosphopyridine nucleotide (Van Hey- 
ningen & Pirie, 1953), and the well-known ability 
of glutathione to reduce dehydroascorbic acid at 
body pH (Borsook, Davenport, Jeffreys & Warner, 
1937). 

In the present study the influence of these 
extrinsic and intrinsic factors on the concentration 
of ascorbic acid in the lens has been investigated. 


METHODS 


Experimental procedure 


Adult rabbits of both sexes, weighing between 1-8 and 
2-5 kg., were used. Eyes were excised immediately after 
intravenous injection of Nembutal (pentobarbitone 
sodium B.P.). Aqueous humour was withdrawn into a dry 
1 ml. syringe and analysed immediately. All samples of 
aqueous humour were tested for the presence of protein by 
the addition of an equal vol. of a solution of 8% (w/v) 
trichloroacetic acid and were rejected if more than the 
normal faint clouding was observed. Lenses were excised 
as described by Langham & Davson (1950). 

The ascorbic acid for injections was dissolved in water, 
partially neutralized with NaOH to a pH of 6-8-7-0 and 
diluted to an isotonic concentration. 


Preparation of lens extracts 


Cattle and rabbit lenses were used within 2-3 hr. of 
death. Whole lenses, usually with their capsules intact, were 
weighed and finely chopped in a mortar with scissors. They 
were then ground with a little ballotini and twice their 
weight of glass-distilled water. This 1 in 3 mush was then 
transferred to 0-75 in. diameter dialysis tubing (Visking, 
Chicago) and dialysed for 48-72 hr. against running tap 
water or large volumes of glass-distilled water or both at 4°. 
The insoluble portion was then centrifuged down and 
discarded. 

Analytical methods 


Ascorbic acid in the reaction mixtures containing 
dialysed lens extracts or whole lens was determined by 
addition of 1 vol. of the reaction mixture to 10 vol. of 
citrate-phosphate buffer (0-070 citric acid and 0-076m- 
Na,HPO,) and titrating with 2:6-dichlorophenolindo- 
phenol by the procedure of Langham (1950). In all other 
studies ascorbic acid (AA), dehydroascorbic acid (DHA) 
and 2:3-diketogulonic acid (DKG) were analysed by the 
osazone technique of Roe, Mills, Oesterling & Damron 
(1948). This method is based on the reaction of DHA and 
DKG (but not AA) with 2:4-dinitrophenylhydrazine to 
give an osazone which yields a characteristic red solution in 
cone. H,SO,. The sample for analysis is divided iato three 
parts: the AA in the first portion is oxidized to DHA; the 
DHA in the second portion is reduced to AA by H,S, and 
the third portion is analysed without prior treatment. 
From these analyses the concentrations of AA, DHA and 
DKG may be calculated. 
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The following modifications of this method were em- 
ployed. Plasma and lens extracts were made with 2 vol. of 
a solution containing trichloroacetic acid (8%, w/v) and 
metaphosphoric acid (1-5%, w/v); AA and DHA added to 
acid extracts of plasma or lens prepared in this way and 
left for 1 hr. were recovered quantitatively. (Metaphos- 
phorie acid extracts were found unsuitable owing to the 
foaming which occurred on gassing with H,S.) The acid 
extracts were then adjusted to pH 3-5 by addition of a 
mixture of 2nN-NaOH and 15% (w/v) glycine; reduction of 
DHA in one sample by H,S and oxidation of AA in another 
sample by bromine were carried out at this pH; the rates of 
reduction of DHA and loss of DKG by H,S under these 
conditions are shown in Fig. 1. The adoption of pH 3-5 for 
the reduction of DHA by H,S is based on the work of 
Borsook ef al. (1937) and Kenyon & Munro (1948), but 
contrasts with that of Roe et al. (1948) who employed 
pH <2-0 owing to an observed rapid loss of DKG at 
pH 3-4; this was not found with the present technique 
(Fig. 1). 

For determination of AA, DHA and DKG in plasma, 
1-5 ml. was added to 3-0 ml. of a solution containing 8% 
(w/v) trichloroacetic acid and 1-5% (w/v) metaphosphoric 
acid. After centrifuging, 1 ml. of the supernatant was 
added to each of three tubes (a), (6) and (c) containing 
0-1 ml. of 2n-NaOH and 0-25 ml. of 15% (w/v) glycine, 
and treated as follows: (a) 0-5 ml. of 6% (w/v) thiourea and 
1-0 ml. of 9N-H,SO, were added. (6) The mixture was 
gassed for 45 min. with H,S, then N, was passed through 
for 5 min., both gases being saturated with water vapour. 
0:5 ml. of thiourea solution and 1-0 ml. of 9N-H,SO, were 
then added. (c) 0-5 ml. of bromine water (1 in 10 dilution 
of a saturated solution) was added and left for 4 min., and 
then N, was passed through for 10 min. 0-5 ml. of thiourea 
solution and 1-0 ml. of 9N-H,SO, were then added. 1-0 ml. 
of 2:4-dinitrophenylhydrazine (2% in 9N-H,SO, solution) 
was added to all tubes, which were then placed in a bath at 
37° for 3 hr. with shaking. The tubes were then removed 
and cooled in an ether -solid CO, mixture for 2 min. and 
5-0 ml. of 85% (w/v) H,SO, was run in slowly from a 
burette. After standing at room temperature for 1 hr., 
optical transmission of the solution was read against a 
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Fig. 1. Reduction of dehydroascorbic acid (@) and 


2:3-diketogulonic acid (O) by H,S at pH 3-5. 200yg. 
of DHA or DKG was added to plasma and the acid 
extract buffered to pH 3-5 by the addition of NaOH and 
glycine. The points represent the mean of three experi- 


ments. 


LENS ASCORBIC ACID 53 


reagent blank at 540 mu. in a cuvette with a 3-0 cm. light 
path. With a concentration of 1 mg. of AA/100 ml. of 
plasma an extinction of 0-10 was found. Readings were 
taken on a Unicam SP. 600 spectrophotometer. 

The DHA used was a crystalline preparation containing 
1 mol.prop. of methanol. It was stored at 4° over silica gel 
in a desiccator. Reduction with H,S gave a yield of 90% 
of AA. The glutathione was a commercial preparation. 
Titration with iodine showed it to be 60% pure with 
respect to SH groups. 


RESULTS 
Studies on the living rabbit 


In a group of ten rabbit lenses having a mean 
wet weight of 390+10 mg., water content was 
61-84+1:1% 

The concentrations of AA in the 
aqueous humour and lens of fourteen rabbits on 
a normal diet are recorded in Table 1. The concen- 
tration of AA in the aqueous humour varied from 
13 to 40 mg./100 ml., and in this range there was 
an approximately constant relation between the 
concentrations in the aqueous humour and the * 
lens. The mean ratio of the concentration of AA in 
the lens to that in the aqueous humour was 
0-79 + 0-04 (14 observations). The concentration of 
DHA plus DKG in the lens comprised 15-20 % of 
the total vitamin C. In contrast, in the aqueous 


plasma, 


‘humour, DHA plus DKG is less than 2% of the 


AA concentration (Miller & Buschke, 1934; 
Langham, 1950, 1955). 
In fourteen rabbits equal concentrations of AA 


were found in the aqueous humour and lenses of 


Concentration of ascorbic acid in plasma, 
aqueous humour and lens of rabbits 


Table 1. 


The concentration of dehydroascorbic (DHA) plus 2:3- 
diketogulonic acids (DKG) in the lens is also included. 
Concentrations of these acids in the plasma and aqueous 
humour is very low (see Barany & Langham, 1955). All 
concentrations are expressed as mg./100 g. of water. 


Ascorbic acid 
se a 
Aqueous 
humour 


Lens 

Lens DHA+DKG 
18-2 1-9 
10-5 2-9 
15-2 4-7 
15-8 2-9 
13-8 4-0 
14-9 1-9 
18-0 2-6 
36-8 

23-7 

11-2 

12-8 

17-0 

26-8 

30-7 

18-9 


Plasma 
0-21 
0-16 
0-15 
0-19 
0-26 
0-18 
0-12 
0-61 
0-45 
0-12 
0-24 
0-26 
0-35 
0-34 
0-26 


Rabbit 
20-0 
15-8 
17-3 
17-7 
24-2 
19-9 
16-6 
38-8 
32-4 
13-3 
25-2 
24-9 
35-0 
40-0 


24-4 


SAAC Wwe 


Mean 








o4 





Table 2. 
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Absence of post-mortem changes in the concentration of ascorbic acid in the aqueous humour 
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and lens of the rabbit 


The first aqueous humour (Aq,) and lens (lens,) were removed at the time of death, and the second aqueous humour 
Aqp) and lens (lens,) after the interval stated. All concentrations are expressed as mg. of ascorbic acid/100 g. of water. 








Time Ascorbic acid DHA +DKG 
after death - — - —_—__ MC 
(min.) Aq, Ade Lens, Lens, Lens, Lens, 
60 20-0 20-7 18-3 17-6 1-9 2-7 
60 15-8 16-1 10-5 11-0 3-4 2-6 
120 19-9 18-5 14-8 14-9 1-9 2-1 
120 16°6 17-8 18-0 15-2 2-6 1-9 


eyes taken from the same animal. The mean con- 
centrations, expressed as mg./100 g. of water, for 
the aqueous humour and lens, respectively, were: 
left eyes, 26-8+2-2 and 19-3+2-0; right eyes, 
26-9 + 2-3 and 19-4+2-1. The average difference in 
AA concentrations in the aqueous humour of the 
two eyes of the same animal is significantly less 
than the value of 4:1 mg./100 ml. observed by 
Goldmann & Buschke (1935-6) and quoted by 
Pirie et al. (1953) in X-ray studies on the AA content 
of rabbit lenses. 

Changes in the concentration of AA in the 
aqueous humour and lens after death were studied 
in four rabbits. The animals were killed and one 
eye was excised immediately, and the aqueous 
humour and lens were removed for analysis. The 
animals were then left, and 1—2 hr. later the second 
eye was excised. The analyses, recorded in Table 2, 
show that no significant change in the concentra- 
tion of AA in the aqueous humour or the lens took 
place in the 2 hr. period immediately after death. 

The effect of a change in the rate of transfer of 
AA across the ciliary epithelium was studied in 
three rabbits anaesthetized with urethane. One 
eye was removed at the start of the experiment. 
After an initial intravenous injection of 50 mg. of 
AA, 25mg. was injected intramuscularly each 
hour for 5hr., and the second eye was excised 
1 hr. after the last injection. This treatment gives 
a@ mean plasma concentration of approximately 
10 mg. of AA/100 ml., and is more than sufficient 
to ensure a maximal rate of transfer of AA into the 
aqueous humour (Baérény & Langham, 1955; 
Langham, 1955). The rate of turnover of AA in the 
aqueous humour is approximately 1-2 %/min. 
(Becker, Linnér & Barany, 1951), and a steady 
state is attained to within a few % in 6hr. The 
results tabulated in Table 3 show that there was an 
increase in the concentration of AA in the aqueous 
humour but a much smaller proportional rise in 
the lens. 

Studies on the excised lens 


Fresh cattle and rabbit lenses with intact 


capsules inhibited the rate of destruction of AA in 
ox aqueous humour diluted with Krebs—Ringer 


Table 3. Effect of an increased rate of transfer of 
ascorbic acid across the blood—aqueous barrier on 
the concentration of ascorbic acid 


The first aqueous humour (Aq,) and lens (lens,) were 
removed initially and the second aqueous humour (Aq,) 
and lens (lens,) after 6 hr. 


Ascorbic acid (mg./100 g. of water) 


(= AS" --—s 

Rabbit Aq, Ade Lens, Lens, 
1 23-2 68-7 17-6 23-6 
2 18-5 70-0 12-7 22-8 
3 26-5 72-5 23-6 31-6 


phosphate, pH 7-4, and this activity was en- 
hanced in the presence of added DHA. In ox 
aqueous humour containing 20 mg. of AA/100 ml. 
the mean rate of disappearance of AA at 37-5° was 
8-8 mg./100 ml./hr. in the absence, and 5-83 mg./ 
100 ml./hr. in the presence, of a lens. This agrees 
with the findings of Sasaki (1937), who carried out 
similar experiments using a Ringer—Locke solution. 
When DHA was added to the medium to give a 
concentration of approximately 20 mg./100 ml., 
the rate of loss of AA in the absence and the 
presence of a rabbit lens was 8-6+0-04 and 
2:95+0-02 (5 observations) mg./100 ml./hr., re- 
spectively. This agrees with the findings of 
Huymans & Fischer (1942) but not with those of 
Kinsey (1950), whose observations were based on 
reaction times which did not exceed 10 min., and 
the technique differed in that aqueous humour of 
cattle eyes was removed and replaced by a solution 
of phosphate buffer containing DHA. Conse- 
quently, the discrepancy could imply that there 
was a diffusion of reducing substances from the 
excised lens in the present work. Experiments 
were therefore made in which DHA was added to 
media which had previously been kept at 37-5° for 
lhr. in contact with an excised lens. In four 
experiments a mean decrease of 60% in the loss 
of AA from the medium was observed in an 
experimental period of 15min. Thus, reducing 
substances capable of protecting against disappear- 
ance of AA are lost by diffusion from the excised 
lens. 
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In a final series of experiments a solution of 
DHA was introduced into the aqueous humour of 
living rabbits. The aqueous humour was mixed 
with an isotonic solution of NaCl containing DHA 
to give a final concentration of approximately 
40 mg./100 ml. in the aqueous humour. An 
identical introduction was made into the other eye 
of saline solution without DHA. The animals were 
then left for 30 min. In three animals the mean 
concentration of AA in the control eyes was 
29-5 mg./100 ml. and in the experimental eyes 
31-0 mg./100 ml. 

The effect of dialysed extracts of cattle and 
rabbit lenses on the rate of reduction of DHA in the 
presence of reduced glutathione (GSH) was 
studied with buffered phosphate media. In control 
experiments the rate of reduction of DHA 
(0-0022m) by GSH (0-0123m) in Mcllvaine’s 
phosphate—citrate buffer and Sorensen’s phosphate 
buffer was determined. In Mcllvaine’s buffer 
reduction rose from zero at pH 3-0 to a very rapid 
rate at a pH exceeding 6-0, an observation agreeing 
with that of Borsook e¢ al. (1937). Similarly, with 
Sorensen’s buffer the rate of reduction of DHA by 
GSH increased rapidly at a pH exceeding 7-0. 
Comparison of the rates of reduction in the two 
buffers adjusted to a final pH of 7-0 showed that 
reduction was nearly complete in MclIlvaine’s 
buffer while less than 10% was reduced in Soren- 
sen’s buffer in 10 min. 

The addition of 0-35 ml. of dialysed lens extract 
(pH 7-2) to a tube containing 0-40 ml. of Sorensen’s 
buffer (0-06M, pH 7-0), 1-55 ml. of water, 0-25 ml. 
of DHA (1-2mmM) and 0-5ml. of GSH (1-2 mM) 
resulted in the fermation of AA which was directly 
proportional to time over 30 min., and a mean 
production of 33-8+4-15umoles of AA/g. of dry 
tissue/hr. was recorded on eleven extracts. In 
similar conditions a rate of 41-7+5-Opmoles of 
AA/g. of dry tissue/hr. was recorded after keeping 
the lens extract at 90-95° for 30 min. before the 
experiment. Ashing of the extract led to a de- 
crease in activity to 6-5+1-0umoles of AA/g. of 
dry tissue/hr. In the absence of added GSH the 
rate of formation of AA by the lens extract was 
15-6 + 2-5 wmoles of AA/g. of dry tissue/hr. 


DISCUSSION 


The experimental results show that the concen- 
tration of ascorbic acid in the lens of the normal 
rabbit is modified by at least three variables. 
First, the rate of transfer of ascorbic acid across the 
blood—aqueous barrier; secondly, the permeability 
of the lens to ascorbic acid; thirdly, the rate of 
reduction of dehydroascorbiec acid by substances 
the In this discussion it will be 


within lens. 


assumed that there is no synthesis of ascorbic acid 
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in the rabbit lens (Kinsey, 1950; Linnér, 1952; 
Langham, 1955). 

A change in the rate of transfer of ascorbic acid 
across the blood—aqueous barrier has been found to 
alter substantially the concentration in the lens. 
In normal rabbits the rate of transfer of ascorbic 
acid reaches a maximum at a plasma concentration 
of 2-3 mg./100 ml. and results in a concentration 
of approximately 70 mg./100 ml. in the aqueous 
humour (Barany & Langham, 1953, 1955); at the 
other extreme, as the plasma _ concentration 
approaches zero there is a concentration of 10— 
14 mg./100 ml. in the aqueous humour. The con- 
centration of ascorbic acid in the lens is approxi- 
mately 80 % of that in the aqueous humour, and in 
fourteen animals varied from 10 to 36 mg./100 g. 
of water as the concentration in the aqueous 
humour varied from 13 to 40mg./100 ml. (see 
Table 1). In the presence of a maximal rate of 
secretion of ascorbic acid into the eye or any 
decrease in the rate of bulk flow of the aqueous 
humour, the concentration of ascorbic acid in the 
lens would exceed 36 mg./100 g. of water. 

In view of the complex structure of the tissue 
and the slow rate of diffusion of radioactive 
sodium (?4Na) and bromine (°?Br) into the lens of 
the adult rabbit (Langham & Davson, 1950) it was 
to be expected that the time for ascorbic acid to 


* equilibrate between the lens and the aqueous 


humour would be many hours. This is what has 
been observed; after increasing the concentration 
of ascorbic acid in the aqueous humour for 6 hr., 
the ascorbic acid distribution ratio (concentration 
in lens/concentration in aqueous humour) was 
approximately 0-3—0-4, compared with the normal 
value of 0:79 + 0-040. Further, the finding that the 
concentration of the ascorbic acid transformation 
products in the lens exceeded that in the aqueous 
humour suggests that the rate of degradation of 
ascorbic acid, coupled with a slow overall diffusion 
of ascorbic acid into the lens, prevents a higher 
distribution ratio between the two tissues. 

It is probable that the reduction of DHA by 
GSH in the presence of lens tissue is non-enzymic. 
This view is supported by the observations that the 
increased rate of reduction of DHA by GSH in the 
presence of a dialysed extract of the lens was not 
eliminated by boiling and was due partly to the 
reduction of DHA by the lens extract itself. 
A reduction of DHA by the lens extract is con- 
sistent with the known presence of protein- 
containing SH groups in the lens (Bellows, 1944; 
Pirie et al. 1953). An alternative explanation that 
GSH was not completely removed is unlikely, as 
increasing the period of dialysis did not eliminate 
the reaction. 

Normally, there is in rabbit lenses an average 
concentration of 320 mg. of GSH/100 mg., and in 
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the development of cataract there is evidence that 
this level decreases before any visible change 
takes place in the lens (Pirie e¢ al. 1953). Con- 
current with this decrease in GSH a fall in the 
activity of the enzyme glutathione reductase has 
been observed (Pirie e¢ al. 1953). Consequently, in 
the cataractous lens the stability of ascorbic acid 
would tend to decrease and the proportion of DHA 
plus DKG to increase. Similarly, the resultant 
effect of a cataractous agent on the concentration 
of ascorbic acid in the lens will be principally 
determined by its action on the transfer of ascorbic 
acid across the blood—aqueous barrier and on the 
permeability of the lens to ascorbic acid; this is 
illustrated in reported studies on experimental 
cataract. In naphthalene-induced cataract Miller 
& Buschke (1934) found that the concentration of 
ascorbic acid in the aqueous humour and the lens 
approached zero but there was an absolute in- 
crease in the concentration of DHA in the aqueous 
humour. This suggests that the decreased level of 
ascorbic acid in the lens is due to the action of 
naphthalene in impeding the accumulation of 
ascorbic acid in the aqueous humour. In contrast, 
the investigations of Waters (1950) on alloxan 
cataract and of Pirie e¢ al. (1953) on X-ray cataract 
indicate that the accumulation of ascorbic acid in 
the aqueous humour is unimpaired and that no 
significant decrease takes place in the concentra- 
tion of ascorbic acid in the lens, even though a fall 
in the glutathione-reductase activity was observed 
after X-ray irradiation. 





SUMMARY 


1. The distribution of ascorbic acid between the 
plasma, aqueous humour and lens of normal 
rabbits has been determined. The concentration of 
ascorbic acid in the lens has been found to be 
approximately 80 % of that in the aqueous humour 
when the latter varied from 13 to 40 mg./100 ml. 
The concentration of dehydroascorbic plus 2:3- 
diketogulonic acids in the lens was 15-20 % of the 
total vitamin C. 

2. Ascorbic acid concentrations in the lens and 
aqueous humour of the two eyes of the same rabbit 
did not differ significantly. Average concentrations 
of ascorbic acid in the aqueous humour were 
24-4 mg./100 g. of water and in the lenses 18-9 mg./ 
100 g. of water. No change in the concentration of 
ascorbic acid in the eye was observed in the period 
2 hr. after death. 

3. The effect of an increased rate of transfer of 
ascorbic acid across the blood—aqueous barrier on 
the concentration of ascorbic acid in the lens has 
been determined. The results suggest that both the 
capsule and lens fibres are permeable to ascorbic 
acid. 
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4. The reduction of dehydroascorbic acid by 
whole rabbit and cattle lenses and iens extracts has 
been studied. Whole lenses were found to inhibit 
ascorbic acid loss in ox aqueous humour and 
Krebs-Ringer phosphate, an action which is 
particularly marked in the presence of added 
dehydroascorbic acid. In dialysed cattle- and 
rabbit-lens extracts no evidence was found for an 
enzyme which activates the reduction of dehydro- 
ascorbic acid by glutathione. 

5. The importance of the permeability of the 
lens, the rate of transfer of ascorbic acid across the 
blood—aqueous barrier and of lenticular meta- 
bolism on the concentration of ascorbic acid in 
this tissue is discussed. It is concluded that the 
concentration of ascorbic acid in the lens is deter- 
mined principally by the rate of transfer of 
ascorbic acid into the eye and the permeability of 
the lens to ascorbic acid. 


We wish to acknowledge the interest and advice of 
Sir Stewart Duke-Elder, and to thank the Medical Research 
Council for defraying the cost of this study. 


REFERENCES 

Barany, E. & Langham, M. E. (1953). Abstr. 19th Int. 
physiol. Congr., Montreal, p. 187. 

Barany, E. & Langham, M. E. (1955). Acta physiol. scand. 
34, 99. 

Becker, B., Linnér, E. & Barany, E. H. (1951). Arch. 
Ophthal., N.Y., 45, 653. 

Bellows, J. G. (1944). Cataract and Anomalies of the Lens. 
Ist ed. London: Kimpton. 

Bellows, J. G. & Rosner, L. (1937). Amer. J. Ophthal. 20, 
1109. 

Borsook, H., Davenport, H. W., Jeffreys, C. E. P. & 
Warner, R. C. (1937). J. biol. Chem. 117, 237. 

Goldmann, H. & Buschke, W. (1935-6). Arch. Augenheilk. 
109, 205. 

Huymans, J. H. B. M. & Fischer, F. P. (1942). Ophthalmo- 
logica, Basel, 103, 21. 

Kenyon, G. & Munro, N. (1948). J. chem. Soc. p. 158. 

Kinsey, V. E. (1947). Amer. J. Ophthal. 30, 1262. 

Kinsey, V. E. (1950). Amer. J. Ophthal. 33, 257. 

Langham, M. E. (1950). J. Physiol. 111, 388. 

Langham, M. E. (1955). J. Physiol. 130, 1. 

Langham, M. E. & Davson, H. (1950). Biochem. J. 44, 
467. 

Linnér, E. (1952). Acta physiol. scand. 26 (Suppl. 1), 1. 

Miller, H. K. & Buschke, W. (1934). Arch. Augenheilk. 
108, 368. 

Pirie, A., Van Heyningen, R. 
Biochem. J. 54, 682. 

Roe, J. H., Mills, M. B., Oesterling, M. J. & Damron, C. M. 
(1948). J. biol. Chem. 115, 653. 

Rosner, L., Farmer, C. J. & Bellows, J. G. (1938). Arch. 
Ophthal., N.Y., 20, 417. 

Sasaki, T. (1937). Arch. Augenheilk. 138, 381. 

Van Heyningen, R. & Pirie, A. (1953). Biochem. J. 53, 
436. 

Waters, J. H. (1950). Biochem. J. 46, 575. 


& Boag, J. W. (1953). 








6 


eo FD hee te PD KS 





Vol. 63 


Or 
-~I 


The Nature of the Initial Reaction of Oxygen with 
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In a previous paper the respiration rates of 
bacteria and cell-free bacterial preparations as 
functions of oxygen concentration were described 
(Longmuir, 1954). The similarity of these functions 
to the Michaelis function was shown, and thus the 
reasonableness of calling the concentration of 
oxygen at which a bacterium or its cell-free pre- 
paration respires at half its maximum rate the 
Michaelis constant (K,,). During the course of this 
work a paper by Dixon (1953) was published in 
which the relation of the pH of a solution of an 
enzyme to the logarithm to base ten of the re- 
ciprocal of its Michaelis constant (pK,,) was 
described. Briefly this relationship is a straight 
line of slope numerically equal to the change of 
charge of the enzyme or its substrate when the 
enzyme-substrate complex is dissociated. If 
‘substration’, as this complex-formation has been 
called, is associated with a shift of the pK of an 
ionizing group on the enzyme or substrate, the 
curve will have a wave. On producing the three 
straight portions of the curve intersections will be 
found at the old and new values of the pK. 

It seemed that it might be worth while to 
examine the respiring bacterial preparations in 
this way. If the logarithm of the reciprocal of the 
K, as determined polarographically were to be 
plotted against the pH, it might be possible to 
come to some conclusion about the nature of the 
‘substration’ reaction. To obtain a reasonably 
large part of the curve it would be necessary to 
determine the K,, over a wide range of pH values; 
it has been repeatedly stated that it is not possible 
to determine oxygen polarographically at pH 
values below 6, as the hydrogen wave overlaps the 
oxygen wave. However, it would obviously be of 
great value to be able to determine oxygen over a 
wide range of pH values, and for the work sug- 
gested above it would be essential. Investigation of 
polarograms at low pH values showed, in fact, that 
the initial deductions may be incorrect and that the 
limiting factor is the sensitivity of the biological 
system to pH change and not the polarographic 
system. 


* Present address: Department of Biochemistry, 


Institute of Diseases of the Chest, Brompton, London, 
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It was decided to study the respiratory systems 
of Aerobacter aerogenes and Bacillus megatherium, 
as these two systems had been studied before and, 
in addition, were thought to have different cyto- 
chrome oxidases. 


MATERIALS AND METHODS 


Materials. These were as previously described (Long- 
muir, 1954). except that the phosphate buffer was not 
always brought to pH 7-3, but to the required pH. A.R. 
H,PO, was boiled with water to hydrolyse any pyrophos- 
phoric acid present, according to the method of Slater 
(1952), and then a solution of KOH (Polaritan, Hopkins 
and Williams Ltd.) was added until the required pH was 
obtained. It is not claimed that such a system can be called 
a buffer at all pH values: there are regions of the titration 
curve where there is quite a large change of pH with a small 
addition of acid or alkali. In order to buffer throughout the 
entire range of pH over which measurements are made it 
would really be necessary to use a number of different 
buffer systems. This was considered undesirable, as it was 
not known what specific effect different buffers might have 
on the K,,. If the H,;PO,-KOH system is to be used 
satisfactorily it must be shown that its weak buffering 
power is adequate to maintain the pH constant for the 
period of determination, and that the variation in the con- 
centration of the potassium ion does not affect the K,,. 
It was easy to show that variation of the potassium con- 
centration over a range wider than that to be used sub- 
sequently was without effect on the K,, within the limits of 
experimental error. The problem of the buffering power was 
more difficult. It was found that when the organisms were 
ground with the phosphate buffer the pH of the resultant 
preparation was markedly different from that of the original 
solution. Two methods were used to deal with this. Either 
the pH was restored to the original value by the addition of 
H,PO, or KOH, or the new pH was chosen as the one to be 
employed, and the other buffer solutions were made up to 
this pH. In practice the latter method was used for the 
intermediate pH values and the former for the more 
extreme values. It was found that during the period 
between the initial and final calibrations there was no 
change in the pH of the preparation within the limits of the 
pH meter used (Electronic Instruments Ltd., Model 30). 
Thus the requirement of a constant pH during the measure- 
ment of K,, was met. If, however, the preparation was 
allowed to stand for an hour or two in an unaerated state 
then the pH became slightly acid, presumably because of 
fermentation. 

It was desirable to obtain points over as wide a pH range 
as possible, but there are obvious limits. Between the two 
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limits of pH at which the pK,, was determined (Figs. 3, 4) 
the respiration rate increased about four- to five-fold on 
going from the acid to the alkaline side. Beyond these 
values at either extreme the respiration rate dropped 
sharply and the pK,, values measured there have not been 
included in the curves as their validity is doubtful. Even 
before these regions were reached there was some pre- 
cipitation of protein and the inactivation of the respiratory 
system may have been due to this carrying down active 
matter rather than to a direct inactivation by hydrogen or 
hydroxy] ions. 

Method. The apparatus was the same as previously 
described. 

Theoretical basis of the method. When the rate of the 
electrode reaction is of the same order of magnitude as the 
rate of diffusion of the depolarizer to the electrode the 
Ilkovie equation ceases to be valid. While there is no 
agreement as to the exact nature of the reactions which O, 
undergoes at the surface of a gold electrode it does seem to 
be generally agreed that at low pH hydrogen ions enter 
into the reaction (Kolthoff & Jordan, 1952; Hacobian, 
1953) if not directly, at least by their reciprocal relationship 
with hydroxyl ions. Thus an alteration in the hydrogen-ion 
concentration will affect the rate of reduction of oxygen at 
the electrode. Smutek (1953) has shown that progressive 
alterations in one rate factor in a reduction involving con- 
secutive reactions (such as is known to occur in the electro- 
lysis of O,) will alter the shape of the polarogram in the 
manner shown in Fig. 1. Experimentally, it has been 
shown that reduction of the pH produces a similar change 
(Fig. 2). This does not prove that the two changes are 
identical, but it does suggest that what was thought to be 
an early appearance of the hydrogen wave may be due to 
oxygen being reduced at the electrode surface more slowly 
than it diffuses to it. Polarograms determined in the 
absence of oxygen showed that the region YZ is not part of 
the hydrogen wave. 

Since the straight part of the curve YZ is about equal in 
height to the curved region X Y it might seem that the first 
half of the curve is due to the reduction of oxygen to 
hydrogen peroxide and the second to the reduction to 
water. However, it can be shown that no hydrogen 
peroxide is formed at any part of the curve and that the 
value of n (the number of electrons involved in the reaction) 
is approximately 4 throughout. This was determined by the 
first method described by Longmuir (1954). The equation 
relating the current flowing to the concentration of oxygen 
in solution must therefore be of the formi =4A DF(C, — C,)/ 
5, where i is the current flowing; A is the area of the 
electrode; D is the diffusion coefficient of oxygen through 
the solution; F is Faraday’s constant; 6 is the thickness of 
the diffusion layer; C, is the concentration of O, in the 
bulk of the liquid; C, is the concentration of O, at the 
surface of the electrode. 

So long as C, is a constant fraction of C,, and thus 
i=kC,, we have a reasonably precise method of measuring 
the concentration of O, in solution. However, polarograms 
obtained with different concentrations of O, do not show 
the same ratio of XY to YZ. Therefore it is necessary to 
employ a point on the curve where C,=0. Determination 
of the diffusion current as a function of oxygen concentra- 
tion at different points between Y and Z confirms that it is 
only when one approaches Z that a straight line is obtained. 
The calibration procedure used was that used by Longmuir 
(1954). It may be difficult to locate Z. In practice it has 
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always lain between —0-75 and —0-80v. Below -0-75v 
the calibration curve is not quite straight and above 
-—0-80v the residual current may be inconveniently high. 
Even if point Y is selected the deviation from a strictly 
linear relationship would introduce an error of less than 
10% in the measurement of O, concentration. 

When a cell-free preparation is introduced into the 
polarographic cell O, is used up and the diffusion current 
falls in the manner previously described; the current 
becomes constant when no more O, remains in solution. 
The value of K,, is then obtained by measuring the 
distance above this horizontal line at which the slope of the 
curve is half the maximum value. Sometimes the current 
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Fig. 1. Theoretical polarograms of the reduction of a 
substance which takes place by consecutive reactions. 
The change in the shape of the first curve on the left is 
brought about by a stepwise change in one of the rate 
factors. 


=’ 
w 
o 


Current (1A) 





02 04 06 08 
Applied potential (V) 


Fig. 2. Polarograms of oxygen in acid solution. Curve 1 is 
that obtained initially and curve 2 after ‘ageing’. The 
similarity of these curves to those in Fig. 1 and the 
significance of regions X Y and YZ are discussed in the 
text. Z is the point normally selected for amperometric 
determinations. Beyond this point the hydrogen wave 
begins. If a lower potential is used the diffusion current 
is no longer linearly related to the concentration of 


oxygen. 
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does not become constant but continues to fall slowly. paration from Aero. aerogenes against pH. It will 

There are a number of explanations of this: (1) zero drift of be geen that a straight line passes within two 

the instrument; (2) the gradual removal by electrolysis of standard deviations of all but two points. It is 

some other electroreducible substance such as metal ions; . ° . . 

(3) the presence in the preparation of a system with a very pone think the: Bae anny egies to curve at alee 
end, and many attempts were made to extend the 


high affinity for O,, i.e. with a very low K,. , baci . 
If the preparation is replaced by a different one this drift | CUrve but they always resulted in partial inactiva- 


is usually abolished, so that it cannot be a function of the tion of the preparations. 

instrument. In practice we have never found any drift in iyi = = eee ae 
the instrument we use. If when a little more O, is intro- 
duced into the cell and the curve is repeated it is found that 
the whole curve is moved downwards, then the explanation 
is probably the second. This occurred on one occasion and 
on investigation it was found that the deionizing column 
had become exhausted. All solutions made with this batch 
of water and the results obtained with them were dis- 
carded. If, however, the second curve has the same posi- 
tion as the first, as has been found on all but the one 
occasion, then the final explanation is probably correct. If Fig. 3. Effect of pH on pK,, of a cell-free preparation of 





the experiment is allowed to go on long enough the curve Aero. aerogenes. The circles indicate the mean values and 
eventually becomes horizontal. This gives further confirma- the lines extend to two standard deviations either way. 
tion that the last explanation is the correct one. Examina- The most probable line through these points is a straight 
tion of such a curve shows that the preparation contains line of zero slope. 


two O,-absorbing components, namely, the main one whose 
Km is the one normally measured, and a second one with an 
activity of less than 1 % that of the first and a K,, of about 
10-°m. The error introduced into the measurement of the 
K,» of the first component by the presence of the second is 
less than the experimental error already present. 
Spectroscopic examinations were made of the intact cells 
of Aero. aerogenes and B. megatherium by means of a 
Zeiss microspectroscope, a Hartridge reversion spectro-- 
scope and a hand model. The bands in the cell-free prepara- 
tion were indistinct and difficult to see, so precise measure- pH 
ments were made with intact cells. There are reasons, which 
are discussed below, indicating that the cell-free com- 
ponent contains all the pigments seen in the intact cells, 
although perhaps not in quite the same proportions. 





Fig. 4. Effect of pH on pK,, of a cell-free preparation of 
B. megatherium. The circles indicate the mean values and 
the lines extend to three standard deviations either way. 
A possible line through these points has been drawn. The 
horizontal portions have been extended to meet the 


RESULTS sloped line at pH 6-2 and 6-8, the possible values of the 

pK of a group in the enzyme after and before ‘subtrac- 

Cytochrome oxidase of Aero. aerogenes. In Fig. 3 tion’ respectively. The points at which the extensions of 

is a plot of the logarithm to base 10 of the reciprocal the straight portions meet the sloped line are about 
of the Michaelis constant (pK,,) of a cell-free pre- 0-3 pK,, distant from the line theroretically required. 


Table 1. Absorption spectra of suspensions of Aerobacter aerogenes and Bacillus megatherium 


Thick washed suspensions of these organisms, grown overnight at 37° in tryptic meat broth shake-bottles, were examined 
with a Zeiss microspectroscope and a Hartridge reversion spectroscope; the positions of the cytochrome bands were 
measured with the latter. Both organisms showed ‘bacterial’ types of cytochrome spectra, the ‘classical’ a, 6 and c bands 
of the mammalian and yeast spectra being replaced by bands usually ascribed to cytochromes a,, @, and b, (Smith, 1954). 
The centres of the a, and b, bands were at significantly different wavelengths in the two organisms, and only Aero. aero- 
genes showed a cytochrome a, band which was unusually strong. It was from these suspensions that the cell-free pre- 


parations were made. 


Bands... a4 aaa ay ay, b, d 
Aero. aerogenes 
Wavelength (muy.) 630 593 561 525-530 
Intensity Very strong Weak Strong Diffuse 
B. megatherium 
597 558 525-530 


Wavelength (mu.) _ 5- 
Intensity Absent Rather weak Strong Diffuse 
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Cytochrome oxidase of B. megatherium. In Fig. 4 
is a plot obtained from a B. megatherium prepara- 
tion. It was possible to extend the measurements 
a little further each way, but attempts to sub- 
stantiate a possible wave in the middle only 
raised doubts whether there is more than one wave, 
or whether the whole relationship is one straight 
line. However, it is not possible to draw a straight 
line without leaving two or more points more than 
three standard deviations outside it. 

Spectroscopic observations. In Table 1 are the 
results of the spectroscopic examination of a thick 
suspension of the organisms. It has been shown 
that such suspensions of living cells are anaerobic 
except for a very thin layer at the surface. These 
bands are therefore of the reduced cytochromes. 


DISCUSSION 


The system examined is obviously a complex one 
containing all the enzymes necessary to oxidize 
glucose. It might contain a system in which glucose 
is not oxidized through a cytochrome oxidase. 
However, Tissiéres (1952) showed that the respira- 
tion of cell-free bacterial preparations is cyanide- 
sensitive and the K,, values of the flavoprotein 
enzymes are much higher than those of these 
preparations, suggesting that it is a cytochrome 
oxidase with which the oxygen combines. 

Keilin & Hartree (1953) have shown that in 
the mammalian cytochrome-—cytochrome oxidase 
system some of the cytochrome oxidase may not 
be accessible to oxygen. Similarly, Tissiéres (1951) 
has shown that Aero. aerogenes contains very much 
more cytochrome oxidase than is necessary for 
maximum respiration. Thus it is not in general 
possible to study the activity of the whole of the 
cytochrome oxidase in a preparation, and pre- 
sumably this applies to the systems described here 
with the additional factor that some other enzyme 
involved in the reduction of the oxidase may be 
limiting. 

The effect of pH on the maximum activity of the 
systems studied is relatively small, the change of 
pH from the most acid to the most alkaline in- 
creasing the rate about fourfold. This may be an 
effect on the‘maximum activity of the oxidase or of 
a limiting factor; if it is the latter the proportion of 
cytochrome oxidase studied increases with the pH. 
If the K,, is independent of the pH this increased 
amount of oxidase is probably all of the same 
nature, but, if it alters, the change may be due to 
a change in the nature of the oxidase involved in 


the reaction. 

The results obtained from a study of extracts of 
Aero. aerogenes are shown in Fig. 3. The interpre- 
tation of this relationship, using Dixon’s rules 
(Dixon, 1953), is that the oxidase of this organism 
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reacts with oxygen without the combining group 
undergoing any change of charge. The combining 
group is believed to be iron, and is thought to 
undergo reversible oxidation to the ferric state on 
reaction with oxygen. If this is so the ferric iron is 
not ionized in the range of pH values studied. 
Alternatively, the iron may not be oxidized in the 
initial reaction with oxygen. 

The results obtained with extracts of B. mega- 
therium (Fig. 4) are not so easy to interpret. If the 
relationship is a straight line then Dixon’s rules do 
not apply. If it consists of two straight lines joined 
by a wave, as shown, then the interpretation is 
that oxygen reacts with the respiratory system of 
B. megatherium without any change of its charge, 
but the pK of one ionizable group in the molecule 
not directly concerned in the reaction is changed 
from 6-8 to 6-2. Alternatively, it might be inter- 
preted as the effect produced by a new cytochrome 
oxidase coming into play as a result of the change 
in pH. 

Whatever interpretation is put on the curve in 
Fig. 4, it is clear that there is a difference in the 
cytochrome oxidases in B. megatherium and Aero. 
aerogenes. Tissiéres (1951, 1952) has shown that 
cytochrome a, is the cytochrome oxidase of Aero. 
aerogenes, and although he could not find its band 
in cell-free preparations, Moss (1954) believes it is 
present in sufficient amount to account for 
all the respiration. It will be seen from Table 1 
that the cytochrome a, band is absent from 
B. megatherium so some other substance must 
react with oxygen in this organism. 


SUMMARY 


1. The polarographic determination of oxygen 
in acid solutions by means of the rotating gold 
electrode is described. 

2. By means of this technique the effect of pH 
on the K,, for oxygen of cell-free preparations of 
two organisms has been investigated. 

3. These results have been treated by the method 
described by Dixon (1953). 

4. The conclusions to be drawn this 
treatment are that the two organisms contain 
different cytochrome and both may 
react with oxygen without initially undergoing 
oxidation. 


from 


oxidases, 


We wish to thank Drs D. W. Henderson and D. Herbert 
for their enthusiastic support and encouragement, and 
the latter for very kindly supplying us with the in- 
formation given in Table 1. We are indebted to Mr Peto 
for expressing his opinion of the most probable lines 
in Figs. 3 and 4 and to Drs M. Dixon and E. Webb for 
their most valuable advice on the interpretation of the 
results. 








Vol. 63 


REFERENCES 


Dixon, M. (1953). Biochem. J. 55, 161. 

Hacobian, 8S. (1953). Aust. J. Chem. 6, 211. 

Keilin, D. & Hartree, E. F. (1939). Proc. Roy. Soc. B, 127, 
167. 

Keilin, D. & Hartree, E. F. (1953). Nature, Lond., 171, 413. 

Kolthoff, I. M. & Jordan, J. (1952). Analyt. Chem. 24, 1071. 


BACTERIAL CYTOCHROME OXIDASES 61 


Longmuir, I. 8S. (1954). Biochem. J. 57, 81. 

Moss, F. (1954). Aust. J. exp. Biol. med. Sci. 32, 571. 

Slater, E. (1952). Biochem. J. 52, 185. 

Smith, L. (1954). Bact. Rev. 18, 106. 

Smutek, M. (1953). Coll. Trav. chim. Tchécosl. 18, 
171. 

Tissiéres, A. (1951). Biochem. J. 50, 279. 

Tissiéres, A. (1952). Nature, Lond., 169, 880. 


Ficin-catalysed Reactions: the Affinity of Ficin 
for some Arginine Derivatives 


By 8. A. BERNHARD* ann H. GUTFREUND 
Department of Colloid Science, University of Cambridge 


(Received 12 September 1955) 


We have recently obtained detailed information 
about the kinetics and mechanism of the trypsin- 
catalysed hydrolysis of «-benzoyl-L-arginine ethyl 
ester and amide to «-benzoyl-L-arginine (Gut- 
freund, 1955a; Bernhard, 1955a, b). It appeared 
likely that further insight into the mechanism of 
enzyme-catalysed hydrolysis reactions could be 
gained from a comparison of the reactions of two 
enzymes which are specific for the same substrates. 
During the course of their pioneer work on the 
specificity of peptidases Irwing, Fruton & Berg- 
mann (1941) have shown that ficin, an enzyme 
isolated from fig-tree latex, has the same specificity 
as trypsin and catalyses the hydrolysis of benzoyl- 
L-arginine amide. The conditions required for 
optimum activity of ficin’ were so different from 
those of trypsin that one could conclude that the 
two enzymes catalyse the same reactions via 
different mechanisms. 

Results obtained from varied studies of ficin- 
catalysed reactions will allow us to map out the 
steps involved in the formation of, the enzyme— 
substrate complex and its decomposition to 
enzyme and products. In the present paper we 
describe the effect of pH on the catalytic activity 
and on the affinity of ficin for benzoyl-L-arginine 
ethyl ester, benzoyl-L-arginine amide and benzoyl- 
L-arginine. 


EXPERIMENTAL 


Substrates 
Benzoyl-L-arginine (BA), its amide (BAA) and its 
ethyl ester (BAEE) were prepared by the method of 
Bergmann, Fruton & Pollok (1939). 


* Present address: Naval Medical Research Institute, 
Bethesda, Md., U.S.A. 


The concentration of a nearly saturated stock 
solution of the zwitterion BA was determined as 
follows. A sample of BA was dissolved in water and 
titrated to pH 7-0 with 0-1N-NaOH. The mixture 
was allowed to stand at 5° for 2 days and then 
filtered ; the filtrate was brought back to pH 2-0 by 
the addition of N-HCl and the solution was titrated 
potentiometrically with 0-1N-NaOH. The BA in 
this solution was found to be 0-02 and its pK, 
was 3-40+ 0-05 at 25°. 

Ficin 

Crude ficin (100g.) (L. Light and Co. Ltd., 
Colnbrook, Bucks) is suspended in 11. of 0-01N- 
HC! and stirred occasionally for 24 hr. The sus- 
pension is then dialysed against running tap water 
for 24 hr. and filtered. To 100 ml. of the filtrate is 
added 30 g. of (NH,),.SO, and the mixture is left to 
stand at +4° for 2 hr. and then filtered. The pre- 
cipitate is washed with a solution containing 24-5 g. 
of (NH,),SO,/100 ml., and redissolved in 400 ml. of 
distilled water, dialysed against distilled water 
until salt-free and finally dialysed against a 
mixture of 0-01 N-HCl and 0-1M-NaCl. This enzyme 
stock solution was found to be of constant activity 
when stored at 4° for 2 months. 

A 1% solution of the enzyme in 0-1™m sodium 
phosphate buffer, pH 6-7, was examined in the 
ultracentrifuge; this was kindly done for us by 
Mr Per Bro of Yale University. The protein sedi- 
mented as one homogeneous boundary with a 
sedimentation constant Sy.) of 2-56 x 10-}%, corrected 
to sedimentation in water at 20°. Preliminary 
osmotic pressure measurements of ficin solutions in 
0-1 sodium phosphate, pH 5-05, indicate a mol.wt. 
of approx. 26 000. On the basis of this mol.wt. the 
enzymic activity/mole of protein was calculated for 
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the hydrolysis of BAEE under optimum conditions 
of pH, substrate concentration and activation 
with cysteine and ethylenediaminetetraacetic acid 
(EDTA) (see Results). It was found to be 1-4 moles 
of BAEE hydrolysed/sec./mole—! of enzyme. 





Kinetic measurements 

The course of the hydrolysis of BAEE was 
followed by potentiometric titration. The details of 
the method used were recently described by one 
of us (Bernhard, 1955a). It was found that both 
cysteine and versene had to be added to the 
reaction mixture in order to obtain maximum 
activity. In this respect the ficin system resembled 
papain. Dr E. L. Smith kindly communicated to 
us his experiences with the activation of papain 
some time before the publication of the paper by 
Kimmel & Smith (1954). All experiments described 
here were carried out at 25° in 20 ml. of solution, 
5x 10-*m in cysteine, 1x 10-*m in EDTA and 
0-15m in NaCl. The buffering capacity was adequate 
over the pH range 3-5-8-0. Increasing or decreasing 
the concentration of either EDTA or cysteine (or 
of both) by a factor of 10 did not affect the rate of 
the ficin-catalysed reactions. 


RESULTS 


The stability of the enzyme, the favourable pH 
range and relatively high values of the Michaelis 


Base added (umoles) 





Time (min.) 


Fig. 1. Ficin-catalysed hydrolysis of benzoyl-L-arginine 
ethyl ester (BAEE) in 5 x 10-8 cysteine, 10-°m EDTA 
and 0-15m-NaCl. a, 0-025m BAEE, pH 6-5; 5, 0-025m 
BAEE, pH 4-5; c, 0-006m BAEE, pH 5-5; d, 0-0029™m 
BAEE, pH 6-5; e, 0-0029mM BAEE, 0-061m BAA, pH 5-5. 
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constant, K,,, and the inhibition constants, K,, 
have resulted in unusually good kinotic data. 

Some typical results of rate measurements of 
ficin-catalysed hydrolysis of BAEE under specified 
conditions of pH and initial substrate concentration 
[S]p are shown in Fig. 1. 

The Michaelis constant for the ficin-—BAEE 
system was determined at various pH values by the 
method of Lineweaver & Burk (1934). For the 
calculation of K,, and V,,,, (the limiting value at 
high substrate concentration) from their equation 


cia (s+ 1 (1) 

Vo | [Slo Races , 
data for V, (the initial velocity) have to be ob- 
tained over a wide range of [S]). Plots of 1/V, 
against 1/[S], for measurements between pH 3-80 
and 6-50 are shown in Fig. 2. The values calculated 
from these plots show that K,, = 2-3 x 10-* and is 
invariant over this pH range, while there is a 
nearly sevenfold change in V,,,. (Fig. 3). In the 


above determinations of K,,, competitive inhibition 
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1/Vo for pH 45-65 





0 100 200 300 400 
1/[S]o 
Fig. 2. Plots of the reciprocal of the initial rate, 1/Vo, 
versus the reciprocal of the initial substrate concentra- 
tion, 1/[S]p, at 25-0° in 5 x 10-* cysteine, 10-°m EDTA, 
and 0-15m NaCl at various pH values. 
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Fig. 3. Plot of the limiting rate, V,,,,. of BAEE hydrolysis 
as a function of pH. The solid line is the theroretical 
ionization curve of a group with pK =4-35. 
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Fig. 4. Reciprocal of the initial rate, 1/V 9, of hydrolysis of 
3 x 10-°m BAEE as a function of inhibitor concentration. 
©, Benzoyl-t-arginine (BA); ©, benzoyl-L-arginine 
amide (BAA). 


by products was not considered, since the limit of 
product concentration was never more than a few 
per cent of [S]). 

The inhibition of the hydrolysis of BAEE by 
BAA and BA was studied at pH 5-5. The plots of 
1/V, against [I] (inhibitor concentration) at con- 
stant concentration of BAEE ([S],=3 x 10-*m) are 
shown in Fig. 4. The inhibition by the molecular 
acid BA could not be determined by our method, 
which becomes insensitive in the presence of 
appreciable concentrations of buffering substances. 
At pH values where BA is present in significant 
concentration with its carboxyl group un-ionized, 
its buffering power would be excessive. 

K, was calculated from the equation (Line- 
weaver & Burk, 1934): 

4} (RE + wis) (2) 
Vo Venax. \LSlo Ky [So 
The results obtained were: 
for BAA, K,,/K,;=0-43, K,=5-4x 10-?M; 


for BA, K,,/K,=0-38, K,=6-0x 10-*m. 
DISCUSSION 
From the classical Michaelis-Menten scheme 


E+S=ES>E+P, (3) 
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the expression for the rate of appearance of product 
d[P]/d¢ at a given total enzyme concentration 


[Pl S [Pde =k,{E}{S]/(Km + (8). (4) 


Usually some subscript number is assigned to the 
rate constant k; however, it has been pointed out 
recently by Smith, Finkle & Stockell (1955) and 
Gutfreund (1955a, b) that the formation and de- 
composition of the enzyme-substrate complex ES 
is better described by a number of steps. The con- 
stant k, in equation (4) refers to the rate-deter- 
mining step of the series and under different condi- 
tions a different step may be rate determining. 

A reduced SH group is necessary for the cata- 
lytic activity of ficin; from preliminary experiments 
(Hammon & Gutfreund, unpublished work) it has 
been concluded that the enzyme is inactivated 
mole/mole by methyl mercury. The remarkable 
efficiency of ficin as a catalyst for transfer reactions 
and the fact that this enzyme catalyses the hydro- 
lysis of BAEE and BAA at approximately the 
same rate (Forrest, Sturtevant & Gutfreund, 
unpublished observations) leads one to set up a 
scheme for the hydrolysis mechanism which can be 
used as a working hypothesis for the planning of 
further experiments: 


ky ke ks 
E+S = (ES), > (ES), > E+P, (5) 
ky + 


P, 


(ES), is a loose complex formed by the initial 
adsorption of the substrate on the specificity site of 
the enzymes. The second-order rate constant 
(k,=5 x 10? 1./mole/sec.) of the formation of (ES), 
has recently been determined by Gutfreund 
(19556) from studies of the pre-steady state 
kinetics. The formation of (ES), is assumed to 
involve a thiol-ester bond between the SH group 
of the enzyme and the acyl group of the substrate 
and the concomitant liberation of P,, which would 
be EtOH or NH, in BAEE and BAA respectively. 
The fact that such an enzyme thiol ester would be 
more stable than the iminazole-acyl compound, 
which was proposed as an intermediate in trypsin 
reactions (Gutfreund, 1955a) would explain the 
following differences in the kinetic behaviour of 
trypsin and ficin-catalysed reactions. First the 
longer half-life of acylated ficin is more suitable for 
a transfer reaction, and secondly its slow rate of 
hydrolysis makes this the rate-determining step 
which would be equivalent in the ester and amide 
hydrolysis. It has been shown that in the reactions 
of trypsin the catalytic attack of the active group 
of the enzyme on the carbonyl carbon of the sub- 
strate is likely to be the rate-determining step. 
The mechanism suggested for the ficin-catalysed 
reactions would require k, to be very much faster in 
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ester hydrolysis than in amide hydrolysis. Pre- 
liminary studies by the methods suggested by one 
of us (Gutfreund, 19556) indicate that this is the 
case and a detailed investigation of the rate of 
formation of (ES), by ficin with ester and amide 
substrates is in progress. 

When k, is the rate-determining velocity con- 
stant the Michaelis constant is determined by the 
steady-state concentration of (ES),. For the ficin- 
catalysed hydrolysis of BAEE, k,[E], changes with 
pH over a range in which K,, is very accurately 
invariant. This shows that the inhibition by H' 
ions is truly non-competitive and that the forma- 
tion of (ES), is not affected by pH. The rate of 
decomposition of (ES), to E+P, is, however, 
pH-dependent. 

Fig. 3 shows the relation between V,,,, and pH, 
indicating half optimum activity at pH 4:35. The 
solid line is a calculated ionization curve for a 
group of pK =4-35. It appears, therefore, that an 
ionized carboxyl group, probably the free carboxyl 
of glutamic or aspartic acid, plays a dominant role 
in the rate-determining hydrolysis of the acyl-thiol 
enzyme-substrate compound. Since V,,,, isconstant 
over the range of pH 6—7-5 one can conclude that 
neither ~“H,0 nor OH ions are involved in the 
rate-determining hydrolysis of (ES), . 

[t is evident that ficin catalyses the hydrolysis of 
BAEE and BAA by a widely different mechanism 
from that of trypsin. The binding constants for 
BAEE, BAA and BA on ficin are remarkably 
similar. A detailed discussion of the causes of this 
effect will be given when the rate constants for the 
three steps for both BAA and BAEE hydrolysis 
have been obtained from pre-steady state studies. 


SUMMARY 


1. The kinetics of the ficin-catalysed hydrolysis 
of benzoyl-L-arginine ethyl ester have been studied 
under varied conditions. 
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2. From effects of pH on k,[E], and K,, it has 
been concluded that hydrogen icns act as non- 
competitive inhibitors on this enzyme, and that an 
ionizing group with pK =4-35 plays a dominant 
role in the rate-determining step of the catalysis 
mechanism. K,,,=2-3 x 10-?, and is constant over 
the range of pH 3-8-6-5. 

3. All the available evidence of the reactions 
of ficin has been used to set up a scheme for 
the path of the reaction between ficin and _ its 
substrates. 

4. The affinities of ficin for benzoyl-L-arginine 
and its ester and amide have been compared by the 
determination of the Michaelis constant for the 
ester hydrolysis (K,,=2-3 x 10-7) and the inhibi- 
tion of the ester hydrolysis by benzoyl-L-arginine 
(AK, =6-0x 10-?) and _ benzoyl-L-arginine amide 
(K,= 5-4 x 10-*). 

The work done by one of us (S.A. B.) was carried out 
under a fellowship from the American Cancer Society upon 
recommendation of the Committee on Growth of the 
National Research Council (U.S.A.). The other author 
(H.G.) is an Imperial Chemical Industries Research Fellow 
of the University of Cambridge. 
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Observations on the Occurrence of 16-epioestriol in Urine 


By ELIZABETH J. 
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Department of Biochemistry, University of Edinburgh 


(Received 14 November 1955) 


16-epiOestriol (oestra-1:3:5-triene-3:168:17B-triol) 
was recently isolated from the urine of pregnant 
women by Marrian & Bauld (1954, 1955). However, 
the yield was small and the isolation procedure was 
somewhat rigorous, and the possibility of the iso- 
lated material being an artifact could not therefore 
be excluded. The authors considered the possibility, 


not specifically mentioned, that epimerization of the 
C-16 hydroxy] group of oestriol might have occurred 
to a small extent, either during the preliminary hot 
acid hydrolysis of the urine, or subsequently through 
the use of aqueous alkali in the fractionation of the 
urinary extract. One of the purposes of the work 
reported here was to investigate this possibility. 
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This investigation involved the development of 
a method for the rough determination of 16-epi- 
oestriol in urine extracts; and such a method being 
in due course available, a preliminary study has 
been made of the urinary excretion of 16-epi- 
oestriol during the menstrual cycle. 


EXPERIMENTAL 


Materials 

Oestriol. The preparation described by Marrian & Bauld 
(1955) was used. It had a corrected m.p. of 284-5-286°. 

16-epiQestriol. This was prepared from oestrone by the 
method of Huffman & Darby (1944). It was crystallized 
twice from aqueous methanol, treated with charcoal in hot 
methanolic solution, and finally recrystallized once from 
methanol—benzene. It melted at 289-291° (corr.) and had 
[a] }? + '76° (0-297 % in ethanol). 

B-Glucuronidase preparation. This was a water-soluble 
preparation obtained from Patella vulgata by the method of 
Dodgson & Spencer (1953). It contained 1 500 000 units of 
f-glucuronidase activity/g. determined by the method of 
Fishman (1948) with phenolphthalein glucuronide as sub- 
strate. Such preparations from Patella vulgata also contain 
sulphatases. 

Miscellaneous. Benzene was purified by a preliminary 
distillation, washing continuously with tap water for 
3 days, drying over anhydrous Na,SO,, and finally re- 
distilling. Ethylene dichloride and methanol were purified 
as described by Bauld (1955). Chloroform was B.P. purity 
and was distilled once. n-Hexane was washed in a separ- 
ating funnel twice with conc. H,SO, and six times with 
water. After drying over anhydrous Na,SO, it was distilled. 
Ethanol was purified as described by Bauld (1954). Celite 
535 (Johns Manville and Co. Ltd., London) was purified as 
described by Bauld (1955). The ‘pH 12-4 buffer’ was pre- 
pared by mixing 250 ml. of 0-1N-Na,HPO, with 330 ml. of 
0-1n-NaOH and 100 ml. of water. The ‘pH 10-5 buffer’ was 
prepared as described by Marrian & Bauld (1955). 


Methods 


Analytical partition chromatograms. The procedures used 
were based on those of Bauld (1955), 1 x 10 cm. columns 
being used with 5ml. of stationary phase on 5g. of 
Celite 535. ‘Channelling’ due to uneven packing of the 
columns was avoided by rotating the columns during 
packing. Solutes were applied to the column dissolved in 
2 ml. of mobile phase, and, when the solution had entered 
the column completely, elution with mobile phase at a 
percolation rate of 10-12 ml./hr. was commenced. A con- 
stant temperature of 15-16° was maintained. Successive 
Iml. or 2ml. portions of the eluates were collected, 
evaporated in a boiling-water bath under a stream of air, 
and the Kober reaction as described below, carried out on 
the residues. 

Kober reaction. The method of Brown (1952) as modified 
by Bauld (1954) was employed, the ‘oestriol reagent’ of the 
latter being used. 

RESULTS 
Determination of 16-epioestriol in urine 


The method developed for the rough determination 
of 16-epioestriol in urine was a modification of 
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that of Bauld (1953) for the determination of 
oestriol. 

Preliminary experiments with oestriol and 16- 
epioestriol showed that, in the benzene—water 
partition of the Bauld method, about 95% of the 
oestriol present is in the aqueous phase, while 
there is rather less than 60% of 16-epioestriol 
because of its relatively lower ‘polarity’. How- 
ever, the proportion of 16-epioestriol in the aqueous 
phase could be raised to about 85% by doubling 
the proportion of water used in the partition. 
About 8% of any oestradiol-178 present was 
found to pass into the aqueous phase, but was not 
found to interfere in the subsequent separation of 
the 16-epioestriol fraction on the chromatograms. 

It seemed likely that in the determination of 
16-epioestriol in pregnancy urines the relatively 
large amounts of oestriol present might interfere in 
the separation of the 16-epioestriol fractions in the 
chromatograms. However, this potential difficulty 
could be overcome by washing the final ether 
extract obtained before chromatography with a 
pH 12-4 phosphate buffer. By this means about 
70-90 % of the oestriol present could be removed, 
with little loss of 16-epioestriol. 

The complete procedure developed for the 

determination of 16-epioestriol in urine was as 
follows: 
- For urines from normal menstruating women 
determinations were carried out on one-half of the 
24 hr. specimen, and for urines of pregnant women 
on one-tenth of the 24hr. specimen diluted to 
500 ml. with water. After hydrolysis with acid or 
with £-glucuronidase the urine was extracted four 
times with about one-quarter volumes of ether, 
and the combined extract washed once with 100 ml. 
of pH 10-5 buffer. The extract was then shaken 
vigorously for a few minutes with 25 ml. of 
2n-NaOH, and after the addition of 100ml. of 
85% (w/v) NaHCO, solution, the mixture was 
shaken again and the aqueous layer discarded. 
After further washing, once with 25 ml. of 8-5% 
(w/v) NaHCO,, and with 3x 12 ml. of water, the 
extract was evaporated to dryness. 

The residue was dissolved in 1-5 ml. of ethanol 
and the solution quantitatively transferred to a 
separating funnel with 25ml. of benzene. The 
benzene solution was extracted twice with 50 ml. 
and twice with 25 ml. portions of water. After the 
addition of 15 ml. of 10N-NaOH, the combined 
aqueous extract was boiled under reflux for 30 min., 
cooled, neutralized to phenolphthalein by passing 
CO, into the solution, and extracted four times 
with 50 ml. portions of ether. 

With samples of urine from pregnant women the 
ether extract was washed twice with 40 ml. 
portions of pH 12-4 buffer, the buffer washing 
back-extracted once with 40 ml. of ether, and the 
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combined ether extracts were washed twice with 
24 ml. portions of water and evaporated to dryness. 

With samples of urine from the menstrual cycle 
the extract was not washed with buffer, but once 
with 12 ml. of 8-5 % (w/v) NaHCO, and twice with 
6 ml. portions of water before being evaporated to 
dryness. 

The residue was chromatographed by using the 
system 70% methanol-ethylene dichloride, and 
Kober chromogens were determined on successive 
1 or 2 ml. portions of the eluate. 

With extracts of pregnancy urines good separa- 
tion of the 16-epioestriol fraction (6-12 ml.) was 
obtained in the chromatograms (Fig. 1); although 
no claim is made that the whole procedure is 
quantitatively satisfactory when applied to urines 
of pregnancy, it is believed that it is specific for 
16-epioestriol and that it provides a reliable 
rough method of assessment which is of value for 
comparative purposes. On the other hand, the 
chromatographic separation of 16-epioestriol frac- 
tions from extracts of urines collected from.women 
during the menstrual cycle was much less clear-cut 
(Fig. 2), and of necessity therefore the possibility 
had to be considered that the procedure might not 
be specific for 16-epioestriol when applied to such 
urines. 


Evidence against 16-epioestriol being an artifact 


Hot acid treatment of oestriol in aqueous solution. 
Three 3-0 ml. portions of an ethanolic solution of 
oestriol containing 50 yg./ml. were added respec- 
tively to three 500 ml. portions of water. After 
heating the three solutions to boiling under reflux 
75 ml. of cone. HCl (A.R.) was added to each, and 
the boiling continued for 1, 2 and 4 hr. respectively. 
An untreated ‘control’ solution was also prepared 
by adding 3-0ml. of the ethanolic solution of 
oestriol to 575 ml. water. Each of the four solutions 
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Fig. 1. Partition chromatograms (70%, v/v, methanol- 
ethylene dichloride) on extracts from a sample of late- 
pregnancy urine after (a) hydrolysis.with B-glucuroni- 
dase (Patella vulgata) and (b) hot acid hydrolysis. 
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was then extracted once with 150 ml. and three 
times with 125ml. ether; and in each case the 
combined ether extract was washed three times 
with 50 ml. portions of 8-5 % (w/v) NaHCO,, and 
three times with 50 ml. portions of water. The 
washed ether solutions were evaporated to dryness 
and the residues chromatographed by using the 
system 70% methanol-ethylene dichloride. Kober 
chromogens were determined in successive 2 ml. 
portions of the eluates. The recoveries of oestriol in 
the three ‘acid hydrolysis’ experiments compared 
with that in the control experiment were 89, 91 and 
88 % respectively, and in no case was any Kober 
chromogen less ‘polar’ than oestriol detected. It 
was concluded that oestriol is not epimerized to 
16-epioestriol to any significant extent on boiling in 
aqueous solution with 15 vol. % of cone. HCl. 

Treatment of oestriol with alkali in aqueous 
solution. To investigate the possibility that epi- 
merization of oestriol to 16-epioestriol might occur 
through exposure to aqueous alkali under the 
conditions used in the quantitative procedure of 
Bauld (1953) or in the procedure for the isolation of 
16-epioestriol as used by Marrian & Bauld (1955) 
the following experiment was carried out: 

Each of two solutions containing 75yg. of 
oestriol in 575 ml. of water was extracted once with 
150 ml. and three times with 125 ml. ether. Each 
of the combined ethereal extracts was washed once 
with 100 ml. of pH 10-5 buffer, shaken with 25 ml. 
of 2n-NaOH, and, after the addition of 100 ml. of 
85% (w/v) NaHCO,, shaken again and the 
aqueous layer discarded. The ether solutions were 
further washed once with 25 ml. of 8-5% (w/v) 
NaHCO, and three times with 12 ml. water, and 
evaporated to dryness. The residues were each 
dissolved in 150ml. of water and boiled under 
reflux for 30 min. after the addition of 15 ml. of 
10N-NaOH. Carbon dioxide was passed into the 
solutions until they were acid to phenolphthalein, 
and the solutions then extracted four times with 
50 ml. portions of ether. The combined ethereal 
extracts were each washed once with 12 ml. of 
8-5 % (w/v) NaHCO, and twice with 6 ml. of water, 
and evaporated to dryness. The residues were 
chromatographed with the system 70% (v/v) 
methanol-ethylene dichloride. 

In each case the recovery of oestriol was only 
71%, but no trace of any Kober chromogen less 
‘polar’ than oestriol could be detected. It was 
concluded that treatment with aqueous alkali, as 
employed in the procedure for the purification of 
urine extracts, does not result in the formation of 
significant amounts of 16-epioestriol by the epi- 
merization of oestriol. 

Comparison of yields of 16-epioestriol from preg- 
nancy urine after hot acid hydrolysis with those 
obtained after hydrolysis with B-glucuronidase. 
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Although it had been shown that prolonged treat- 
ment of oestriol in aqueous solution with hot acid 
results in no detectable formation of 16-epioestriol, 
the possibility still remained that oestriol conjugates 
in urine might be slightly epimerized during hydro- 
lysis with hot acid. To investigate this possibility 
the yield of 16-epioestriol obtained from pregnancy 
urine after the usual hot acid hydrolysis was com- 
pared with that obtained after incubation with a 
f-glucuronidase preparation from Patella vulgata. 

Experiments were carried out on four different 
24hr. urine specimens collected during late 
pregnancy. The specimens were diluted to 2500 ml. 
and two 250ml. samples removed from each for 
acid hydrolysis. After dilution of these to 500 ml. 
they were hydrolysed in the usual manner by 
boiling for 60 min. after the addition of 15 vol. % 
of cone. HCl. Two further 250 ml. samples were 
removed for the enzymic hydrolysis. After adjust- 
ment of these to pH 4-7 with acetic acid 25 ml. of 
M acetate buffer (pH 4-7) and 385 mg. of the enzyme 
preparation were added to each, and the mixture 
was incubated for 48 hr. at 37°. Each incubation 
mixture was finally diluted to 500 ml. with water. 

16-epiOestriol was determined in the two sets of 
samples thus obtained. The results, which are 
shown in Table 1, require some comment. The 
fact that in each case enzymic hydrolysis yielded 
16-epioestriol in amounts which were of the same 
order as those obtained after acid hydrolysis dis- 
poses of the possibility that 16-epioestriol is 
formed by the epimerization of oestriol conjugates 
during hot acid hydrolysis. In three instances the 
yields of 16-epioestriol obtained after enzymic 
hydrolysis were somewhat lower than those ob- 
tained after acid hydrolysis. This, however, is not 
surprising, since troublesome emulsions were 
formed during the extraction of the urines after 
hydrolysis by the enzyme, and may have resulted 
in appreciable losses. 


Urinary excretion of 16-epioestriol 
during the menstrual cycle 
Preliminary experiments. To investigate the 
possibility that 16-epioestriol might be excreted in 
the urine during the menstrual cycle six 24 hr. 


Table 1. Comparison of yields of 16-epioestriol from 
pregnancy urine after hydrolysis with acid with 
those after hydrolysis with B-glucuronidase (Patella 
vulgata) 


16-epiOestriol/24 hr. urine (pg.) 





. 
After enzymic 
hydrolysis 
445, 418 
352, 397 
628, 530 
25, 406 


Z 
After acid 
hydrolysis 
458, 442 
572, 572 
814, 788 
320, 327 


Urine 
specimen 
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specimens of urine were collected from two normal 
young women. Three of these samples were obtained. 
a few days before the expected time of ovulation 
during the follicular phase of oestrogen secretion, 
and three about midway through the second half 
of the cycle during the luteal phase of oestrogen 
secretion (cf. Brown, 1955). 

Each urine specimen was divided into two equal 
portions and 16-epioestriol was determined in each 
after hydrolysis with acid in the usual manner. 

Representative elution patterns obtained in the 
chromatograms are shown in Fig. 2. It will be seen 
that whereas in each case a Kober chromogen was 
eluted over the range 6-12 ml., the elution pattern 
was considerably confused by the relatively large 
amounts of chromogenic material eluted near the 
solvent front. In these circumstances it was 
thought that little quantitative significance could 
be attached to these results; indeed the possibility 
had necessarily to be considered that this fraction 
might partly or entirely consist of chromogens 
other than 16-epioestriol. 


Identification of the ‘16-epioestriol-like’ Kober 
chromogen excreted during the menstrual cycle 


To obtain further evidence on the identity of the 
‘16-epioestriol-like’ Kober chromogen excreted 
during the menstrual cycle, fourteen and ten 
24 hr. urine specimens were collected during the 
follicular and luteal phases respectively from four 
different normal young women. Each sample was 
separately hydrolysed with acid, extracted and 
fractionated by the methods previously described, 
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Fig. 2. Partition chromatograms (70%, v/v, methanol— 
ethylene dichloride) on extracts obtained from menstrual- 
cycle urines. (a) and (5) Follicular phase; (c) and (d) 
luteal phase. 

5-2 








68 
and finally chromatographed with the system 70% 
methanol—ethylene dichloride. The fractions eluted 
from the columns between 6 and 12 ml. from the 
fourteen follicular-phase specimens were combined 
in one ‘pool’, and those from the ten luteal-phase 
specimens combined in another. Each ‘pool’ was 
then divided into three equal portions. 

One portion from each pool was chromatographed 
with the system 70% (v/v) methanol/benzene— 
ethylene dichloride (3:1, by vol.), while second 
portions were chromatographed with the different 
system 50% (v/v) methanol/hexane—chloroform 
(3:1, by vol.). For comparison authentic 16-epi- 
oestriol was chromatographed in each of these 
systems. The results (Fig. 3) showed that in both of 
these solvent systems the chromatographic be- 
haviour of the ‘16-epioestriol-like’ Kober chromo- 
gens closely resembled that of authentic 16-epi- 
oestriol. 

The third portions from each pool were each 
methylated as follows: The material was dissolved 
in 50 ml. of 0-4N-NaOH, and, after warmimg to 
37°, lml. of methyl sulphate (redistilled) was 
added, the mixture shaken and maintained at 37° 
for 30 min. 5N-NaOH (2 ml.) and a further 1 ml. of 
methyl sulphate were then added, and after 
shaking for a few minutes, the mixture was main- 
tained at 37° for a further 45 min. After cooling 
the mixture was extracted once with 100 ml. of 
ether, and the extract washed four times with 
25 ml. portions of water and evaporated to dryness. 
For comparison 25 yg. of authentic 16-epioestriol 
was methylated under identical conditions. 
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Fig. 3. Chromatographic identification of ‘16-epioestriol- 
like’ fractions (ELF) from menstrual-cycle urines. 
A, 70% (v/v) methanol/benzene-ethylene dichloride 
(3:1, by vol.). B, 50% (v/v) ethanol/n-hexane-chloro- 
form (3:1, by vol.). (a) Authentic 16-epioestriol; 
(6) ELF from follicular-phase urine; (c) ELF from luteal- 
phase urine. 
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Fig. 4. Chromatographic identification of ‘16-epioestriol- 
like’ fractions (ELF) from menstrual-cycle urines 
[70% (v/v) methanol/benzene-n-hexane (1:1, by vol.)]. 
(a) Methylated 16-epioestriol; (6) methylated ELF from 
follicular-phase urine; (c) methylated ELF from luteal- 


phase urine. 


The methylated products were chromatographed 
with the system 70% methanol/benzene—n- 
hexane (1:1, by vol.). The results (Fig. 4) showed 
that in this solvent system the chromatographic 
behaviour of the methylated urinary ‘16-epi- 
oestriol-like’ Kober chromogens closely resembled 
that of methylated 16-epioestriol. 


DISCUSSION 


The evidence presented in this paper shows that 
oestriol does not give rise to any chromato- 
graphically detectable amounts of 16-epzoestriol 
either by prolonged boiling in aqueous solution in 
the presence of HCl or by alkali treatment as 
employed in the fractionation of urinary extracts. 
Furthermore, it has been shown that the yields of 
16-epioestriol which can be obtained from the 
urine of pregnancy after hydrolysis with - 
glucuronidase are of the same order of magnitude 
as those obtained after acid hydrolysis of the urine. 
It can therefore be concluded with reasonable 
certainty that 16-epioestriol occurs as such in 
pregnancy urine, and that the material previously 
isolated from this source by Marrian & Bauld 
(1955) was not an artifact. It is noteworthy that 
the concentrations of 16-epioestriol in late- 
pregnancy urine as determined in these experiments 
(0:35—0-80 mg./24 hr.) are considerably higher than 
would have been expected from the results of 
Marrian & Bauld (1955), who isolated 16-epi- 
oestriol in a yield of about 0-1 mg./I. 

Evidence has been presented to show that a 
‘16-epioestriol-like’ Kober chromogen is excreted 
in the urine during both the follicular and luteal 
phases of the menstrual cycle. Since the chromato- 
graphic behaviour of this Kober chromgen re- 
sembles that of authentic 16-epioestriol in three 
different partition solvent systems, and since that of 
the methylated Kober chromogen resembles that of 
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methylated 16-epioestriol it has been concluded 
that the Kober chromogen is identical with the 
latter. The amounts of 16-epioestriol found in the 
pooled extracts from both follicular phase (14th-— 
16th day) and luteal phase (22nd—24th day) urines 
were equivalent to about 1 pg./24 hr. urine volume. 
It is not unlikely that the true figure may be con- 
siderably higher than this. 


SUMMARY 


1. Evidence is presented which indicates that 
the 16-epioestriol isolated by Marrian & Bauld 
(1955) from the urine of pregnant women was 
not an artifact formed by the epimerization of 
oestriol. 

2. A method, based on that of Bauld (1953) for 
urinary oestriol, is described which permits of the 
rough determination of 16-epioestriol in pregnancy 
urine. 

3. The amounts of 16-epioestriol determined in 
late-pregnancy urine after hot acid hydrolysis or 
after hydrolysis with £-glucuronidase (Patella 
vulgata) were within the range of 350-800 yg./ 
24 hr. urine volume. 

4. A ‘16-epioestriol-like’ Kober chromogen has 
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been detected in urine specimens collected from the 
14th to 16th and from the 22nd to 24th days of the 
menstrual cycle in amounts equivalent to about 
1 pg./24 hr. urine volume. 

5. Chromatographic evidence is presented which 
indicates that this Kober chromogen is identical 
with 16-epioestriol. 


The authors acknowledge with thanks a grant from the 
Medical Research Council from which the cost of this work 
was defrayed, and the technical assistance of Miss W. 
Martin in certain phases of the work. 
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Biosynthesis of Proteins 


4. THE EFFECT OF INTRAVENOUS PEPTIDES ON CASEIN SYNTHESIS 
IN A LACTATING GOAT* 


By C. GODIN+ anp T. S. WORK 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 28 November 1955) 


In earlier papers of this series (Campbell & Work, 
1952; Askonas, Campbell, Godin & Work, 1955) 
we showed that plasma proteins provided little of 
the nitrogen required for casein synthesis in the 
lactating animal, and that any plasma protein 
which was converted into casein was first degraded 
completely to amino acids. From our results it was 
not clear whether the mammary gland was unable 
to use peptides or whether it might use peptides 
but was unable to produce them by partial de- 
gradation of plasma protein. 

In the present investigation the mammary gland 
has been provided with a mixture of some of the 
peptides produced by partial acid hydrolysis of 


* Part 3: Askonas, Campbell, Godin & Work (1955). 

{ Postdoctorate fellow, National Research Council of 
Canada; present address: Faculty of Science, University of 
Ottawa, Canada. 


casein, and its ability to use these peptides for 
casein synthesis has been measured. 


EXPERIMENTAL 


Animal. A normal lactating goat with a daily milk 
yield of about 5 lb. was used. 

Radioactive lysine. vu-[{1-4C]Lysine was a sample 
prepared by Arnstein, Hunter, Muir & Neuberger (1952). 

Preparation of peptide mixture. Goat casein (10 g.) was 
suspended in 12N-HCl (100 ml.) and heated in a sealed 
tube for 8 hr. at 56°. Excess of acid and acidic peptides 
were removed with ion-exchange resin (Deacidite E, The 
Permutit Co., London, W. 4) as described by Askonas et al. 
(1955), and the peptide mixture (974 mg. of N) in 200 ml. of 
acetic acid (20%, v/v) was percolated through a column of 
washed charcoal (25 g.) (Schramm & Primosigh, 1943), the 
percolate being washed through with a further 200 ml. of 
20% acetic acid. The combined effluents from the charcoal 
contained 900 mg. of N. 
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Fractionation of peptide mixture. The method followed 
that described previously (Askonas ef al. 1955). The resin 
(1-35 kg.) used was Zeo-Karb 225 WRI1-1 (The Permutit 
Co.) which gave a column 5em. x 70cm. The resin was equili- 
brated with ammonium formate buffer, pH 2-46 (0-2), and 
the peptide mixture (previously freed from as much acetic 
acid as possible by vacuum distillation) was added to the 
column in the same buffer. The column was developed with 
pH 2-46 buffer at a flow rate of 80 ml./hr. until 3-51. of 
effluent had been collected and then with pH 5-5 buffer 
(2M) until the total volume of effluent was 17 1. 

Detection of lysine peptides. Since we proposed to use the 
distribution of radioactive lysine as a measure of the 
utilization of lysine peptides, the column effluent (col- 
lected in 50 ml. lots) had to be analysed for lysine peptides. 
The 335 individual fractions were evaporated to dryness in 
a multiple-sample evaporator (Askonas et al. 1955) and a 
small sample from every third fraction was hydrolysed at 
105° with 6N-HCI for 20 hr. The hydrolysate was analysed 
by single-dimension paper chromatography, with butanol— 
acetic acid as solvent. Each hydrolysed fraction was run 
side by side with an unhydrolysed sample from the same 
50 ml. of effluent. In a representative column, fractions 
1-78 (A) contained no lysine peptides, fractions 79-109 (B) 
contained lysine peptides, 110-120 (C) contained free 
lysine and lysine peptides, 121-170 (D) contained lysine 
peptides, and 171-335 (2) contained little lysine peptide. 

Quantitative estimation of lysine in lysine peptides. Free 
lysine and total lysine in the lysine peptides were deter- 
mined with lysine decarboxylase. Samples (0-5 mg. of N) 
of each peptide mixture were hydrolysed with 6N-HCI at 
105° for 20 hr. Acid was removed in the usual way in 
vacuo, and the sample, dissolved in 0-2m phthalate buffer, 
pH 5-3 (0-5 ml.), was added to 3 mg. of enzyme in phthalate 
buffer (2-5 ml.) in a Warburg apparatus at 30°. The 
enzyme preparation was an acetone-dried powder of 
Bacillus cadaveris NCTC 6578 grown on Hedley Wright 
broth. 

Isolation of bisdinitrophenyllysine. To isolate bisdinitro- 
phenyllysine from each group of lysine peptides, each was 
hydrolysed at 105° in 6N-HCl for 20 hr. The bulk of the 
HCl was removed in vacuo, and the residue diluted with 
water until the acid concn. was about 2n. Phosphotungstic 
acid (25%, w/v) in 2N-H,SO, was added until no further 
precipitate formed. The precipitate, after washing with 
phosphotungstic acid in H,SO,, was decomposed with 
excess of Ba(OH), and excess of Ba?+ removed as BaCQ,. 
The solution of basic amino acids was treated with fluoro- 
dinitrobenzene and NaHCO, in the usual way, and the 
resultant mixture of dinitrophenylamino acids was 
fractionated on silica as described by Askonas et al. (1955). 
The bisdinitrOphenyllysine was crystallized from formic 
acid, weighed and diluted with a suitable quantity of 
synthetic bisdinitrophenyllysine before counting at 
infinite thickness. All counts were to a s.E. of +2:5%. 





RESULTS 


Casein peptides for intravenous injection 


A partial acid hydrolysate of goat casein was 
fractionated on an ion-exchange column as indi- 
cated in the Experimental section and divided into 
five groups of peptides as indicated in Table 1. One 
group of lysine peptides (B) was clearly separated 
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Table 1. Distribution of lysine peptides after fraction- 
ation of a partial hydrolysate of casein on Zeo- 
Karb 225 WR1-1 resin 

For details see text. 
Total N 


Free lysine Total lysine 


Fraction (mg.) (mg.) (mg.) 
A (1-78) 490 None None 
B (79-109) 201 None 26-5 
C (110-120) 60 ++ ++ 
D (121-170) 81 2-8 64:5 
E (171-335) 44 a + 


Where no definite figure is given for free lysine or total 
lysine the determinations were only semiquantitative 
(paper chromatography). Where definite figures are given 
determinations were with lysine decarboxylase before and 
after acid hydrolysis. 


from another group (D) by a band containing 
mainly free lysine. It is clear from the table that 
fraction D was particularly rich in lysine peptides, 
bound lysine accounting for 14:5% of the total 
nitrogen of this fraction. 

Fraction D was dissolved in 10 ml. of water, 
together with 32-7mg. of radioactive lysine 
(20 0c of 4C) and the pH adjusted to 7-4. This 
mixture was injected intravenously into the goat 
immediately after milking the animal dry. Two 
hours later the animal was milked dry again and 
the casein (13 g.) separated from the milk in the 
usual way (Askonas, Campbell & Work, 1954). 


Distribution of radioactivity in casein synthesized 
after intravenous administration of peptides 


To determine whether the injected peptide 
mixture had been used directly for casein synthesis, 
it was necessary only to carry out a partial hydro- 
lysis of the 2 hr. casein sample and to see whether 
the presence of lysine peptides in the blood had 
resulted in non-uniform labelling of the casein (ef. 
Askonas et al. 1955). Hydrolysis and fractionation 
of this casein was carried out in exactly the same 
way as in the preparation of the peptide mixture 
for injection (see Experimental). The effluent from 
the ion-exchange column was analysed quali- 
tatively by single-dimension paper chromato- 
graphy and the peptides were grouped as shown in 
Table 2. 

Each group of lysine peptides was hydrolysed 
and the lysine isolated and crystallized as bis- 
dinitrophenyllysine by the methods of Askonas 
et al. (1955). The results of radioactivity determi- 
nations are given in Table 2. 


DISCUSSION 
Any attempt to show that peptides can be used for 


protein synthesis faces the problem of choosing 
a suitable test peptide sequence out of the infinite 
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Table 2. Distribution of radioactivity in lysine 
peptides obtained by fractionation of a partial 
hydrolysate of the casein formed during 2 hr. after 
injection of a mixture of [!2C]lysine peptides and 
[4C]lysine into a lactating goat 


The casein (10 g.) was hydrolysed and fractionated as 
described for non-radioactive casein (see Experimental), 
the effluent from the Zeo-Karb 225 column (1-35 kg.) being 
collected in 50 ml. fractions. Radioactivity expressed as 
counts/min. Under the conditions used 1 x 10-*yuc/mg. of 
C gives 1000 counts/min. The amount of lysine peptide 
(+ to-++++) was estimated semiquantitatively by 
paper chromatography before and after acid hydrolysis. 


Mean specific 


Fraction Lysine Free radioactivity 
no. peptides lysine of lysine 
1-69 None None — 

70-82 Trace None - 
83-97 +++ None 985 
98-110 +++ None 1020 

111-123 + +++ — 

124-133 ++4+4 + 1070 

134-150 + 4 None 1030 

151-170 None 1080 


variety of sequences which could be presented to 
the cell. Although from previous work (Askonas 
et al. 1955) we had some slight knowledge of the 
peptide sequences in casein, there seemed no 
reason why we should choose one peptide sequence 
rather than another to test its availability for 
casein synthesis. It seemed preferable therefore 
to use a complex mixture of peptides obtained by 
partial hydrolysis of casein and to devise a test 
whereby we should be abie to detect the direct use 
of any peptides in this mixture. 

By separating a partial hydrolysate of casein 
into two large groups of lysine peptides and in- 
jecting only one group we were able to provide an 
internal control in a single animal. It would have 
been preferable to have used radioactive peptides, 
but this would have required the use of a consider- 
ably larger quantity of “C. During the period 
immediately following the injection of the mixture 
of lysine peptides and [14C]lysine the mammary 
gland had the opportunity of using either [??C]- 
lysine present as lysine peptides or [!4C]lysine as 
free lysine. Any [??C]lysine peptide used directly 
for casein synthesis would lower the mean specific 
radioactivity of lysine in the resultant casein. The 
results given in Table 2 show that in the 2 hr. 
casein the lysine peptides with high R value on 
Zeo-Karb were no more active than the peptides 
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with low R values, although unlabelled peptides of 
only the latter type had been injected. It is 
unlikely therefore that any significant use was 
made of the injected peptides for casein synthesis. 

In the present investigation, as in all similar 
investigations, the complications due to perme- 
ability barriers are unpredictable. Since, however, 
no example is yet known of net protein synthesis in 
disintegrated mammalian cells, such complications 
are unavoidable. What little evidence there is (cf. 
Christensen & Rafn, 1952) suggests that at least 
some peptides can pass freely across mammalian 
cell walls, and it seems likely that the failure of the 
mammary gland to make direct use of plasma 
peptides for protein synthesis is the reflexion of 
a general inability of cells to incorporate peptides 
into proteins without first degrading them to 
amino acids. If, as suggested by Hoagland (1955), 
the first step in protein synthesis is the carboxyl 
activation of amino acids, then this limitation 
would be reasonable. 


SUMMARY 


1. A partial acid hydrolysate of goat casein was 
fractionated into two groups of lysine peptides, 
and one of these was injected into a lactating goat 
together with radioactive lysine. 

2. The casein synthesized during the 2 hr. 
following injection was partially hydrolysed, and 
the distribution of radioactivity in the resultant 
peptide mixture was determined. 

3. The injection of lysine peptides did not alter 
the uniform distribution of [**C]lysine between 
different peptides. 

4. The results indicate that peptides circulating 
in the blood cannot be used for casein synthesis 
without prior degradation to amino acids. 


We wish to thank Dr J. Mandelstam for providing lysine 
decarboxylase. 
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In Part I of this series (Dresel & Falk, 1954), we 
reported studies of haem and porphyrin formation 
from glycine by haemolysed chicken erythrocytes. 
During the past three years, important additions 
have been made to knowledge of some of the earlier 
steps in porphyrin biosynthesis. It has been 
established (Shemin & Russell, 1953; Neuberger & 
Scott, 1953; Shemin, 1955) that $-aminolaevulic 
acid (ALA), arising from glycine and a derivative of 
succinic acid, is a specific precursor of haem and 
porphyrins. Porphobilinogen (PBG), a substance 
excreted in the urine of patients with acute 
porphyria, has been isolated and _ crystallized 
(Westall, 1952), and its structure has been deter- 
mined (Cookson & Rimington, 1954). PBG has 
also been shown to be a specific precursor of 
porphyrins (Falk, Dresel & Rimington, 1953; 
Bogorad & Granick, 1953). Falk et al. (1953) also 
demonstrated the biochemical formation of PBG 
from glycine. The conversion of ALA into PBG by 
a tissue system has been established (Dresel & 
Falk, 1953), and the enzyme catalysing this con- 
version, ALA-dehydrase, has been studied and 
considerably purified (Gibson, Neuberger & Scott, 
1954; Gibson, unpublished observations; Schmid 
& Shemin, 1955; Granick, 1954; Schulman, 1955). 
In this paper, we report studies of porphyrin and 
haem formation in intact chicken erythrocytes. 
The substrates ALA and PBG were studied as well 
as glycine. Certain cell-permeability phenomena 
have been encountered. The intact cell system 
offered an opportunity to study the effect of certain 
factors on the utilization of iron for haem formation. 
Ainong such factors, lead has a particular interest 
in relation to the mechanism of lead poisoning and 
some experiments bearing on this problem are 
described. 
EXPERIMENTAL 
Materials 


cycloHexanone (British Drug Houses, technical) 
distilled under reduced pressure. Uroporphyrin I and 


“Waldenstrém porphyrin’ were the samples described by 


was 


* Part 1: Dresel & Falk (1954). 
{ Present address: Department of Physiology, Medical 
School, Johannesburg, South Africa. 
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Dresel & Tooth (1954). We are grateful to Professor C. 
Rimington for supplies of PBG hydrochloride, derived 
either from human acute-porphyria urines or from rabbits 
with experimental porphyria (cf. Goldberg & Rimington, 
1955) and purified by the method of Cookson & Rimington 
(1954). We thank Dr J. J. Scott for a generous gift of ALA 
hydrochloride. Serum albumin was ‘ Dried human albumin 
for transfusion’ supplied by the Lister Institute of Pre- 
ventive Medicine, London, 8.W. 1. Purified human sidero- 
philin was obtained from the Atomic Energy Establish- 
ment, Harwell, Berks. Glass-distilled water was used 
throughout. 
Methods 


Blood of normal adult domestic fowls was collected as 
previously described (Dresel & Falk, 1954), and was used 
for whole-blood experiments after addition of 1 mg. of 
heparin/25 ml. For ‘washed cell’ experiments, the cells 
were centrifuged and washed twice with 0-9% (w/v) NaCl, 
and the leucocyte layer was removed, unless otherwise 
stated. The erythrocytes were then resuspended in suffi- 
cient 0-9 % (w/v) NaCl to restore the original blood volume; 
thus in the following experiments, ‘25 ml. of washed cell 
preparation’ means the washed erythrocytes from 25 ml. of 
blood made to 25 ml. with 0-9% (w/v) NaCl. Heparin 
(1-5 mg.), penicillin (0-5 mg.) and streptomycin (0-5 mg.) 
were added to such preparations for incubation; haemolysis 
during incubation was rarely great and there was no 
evidence of bacterial contamination. Incubation was 
carried out in conical 100 ml. flasks, plugged with cotton 
wool and shaken 90-100 times/min. at 38°. Determinations 
of radioactivity were made as described by Dresel & Falk 
(1954). Unless otherwise stated, the s.p. of counting was 
less than +5%. Spectrophotometric measurements were 
made with a Unicam SP. 500 spectrophotometer. Melting 
points were determined on a Gallenkamp electrically 
heated micro melting-point apparatus, and were un- 
corrected. Concentrations of HCl are expressed as per- 
centage (w/v). 

Initial extraction procedures. After incubation, the ery- 
throcytes were spun down, the supernatant was removed 
and the cells were haemolysed completely with distilled 
water at about 2°. The haemolysed cells and the super- 
natant were recombined, unless it was desired to determine 
porphyrins in the cells and the medium separately. In this 
case the centrifuged cells were washed twice with 0-9% NaCl 
before haemolysis and the combined supernatant and wash- 
ings were analysed separately from the haemolysed cells. 

Such preparations were then treated with about 10 vol. 
of ethyl acetate—acetic acid mixture (3:1, by vol.), and set 
aside overnight. The precipitated protein was filtered off on 
a sintered-glass funnel and thoroughly washed with the 
same solvent mixture. The filtrate was used for the 
following analyses. 
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The extraction of copro- and proto-porphyrins followed 
essentially the procedure of Schwartz & Wikoff (1952). The 
filtrate was washed twice with saturated aqueous sodium 
acetate, the washings were back-extracted with ethyl 
acetate and the combined ethyl acetate layers were 
washed once with 3% sodium acetate. The combined 
aqueous extracts were reserved for the determination of 
uroporphyrin (see below). Thegopro- and proto-porphyrins 
were then extracted completely from the ethyl acetate 
with 15% HCl. On many occasions the ethyl acetate layer 
was then tested for the presence of ‘ porphyrinogens’; after 
shaking with a solution of I, (Schwartz, Zieve & Watson, 
1951) no additional porphyrin was found. The ethyl 
acetate layer was set aside for isolation of the haemin which 
had remained in solution. 

Fractionation and determination of copro- and proto- 
porphyrins. The porphyrins were transferred quantitatively 
from the 15% HCl extract to ether, the ether was washed 
twice with saturated, and once with 3% aqueous sodium 
acetate and the combined aqueous layers were extracted 
once with fresh ether. A second ether extraction showed 
no porphyrin fluorescence. The ether layers were combined 
and washed once with a little water; after sodium acetate 
washings as described, no porphyrin was lost in this water 
washing. The ether solution was extracted exhaustively, 
first with 0-36% HCl and then with 10% HCl. The por- 
phyrins extracted by 0-36% HCl and by 10% HCl are 
referred to as coproporphyrin and protoporphyrin re- 
spectively, and were determined spectrophotometrically as 
such, though in each case some other minor components 
were also present (see below). When relatively large 
amounts of both porphyrins were present, the extraction 
with 0-36°% HCl was continued until the Soret peak in the 
extracts had moved to 405-406 muz., the position of maxi- 
mum protoporphyrin absorption in this concentration of 
HCl. The whole of the porphyrin extracted by 0-36% HCl 
was then transferred to fresh ether and refractionated with 
036% HCl and 10% HCl. 

Optical densities were measured at the peak of the Soret 
band and, with coproporphyrin, at 380 and 430 mu. for 
correction by the method of Rimington & Sveinsson 
(1950). For calculations the following extinction coeffi- 
cients were used: E}%, (coproporphyrin), 6667 (Riming- 
ton, unpublished); £} 2, (protoporphyrin), 4900 (Grinstein 
& Wintrobe, 1948). 

Determination of uroporphyrin. This method is a modifica- 
tion of that described by Dresel & Tooth (1954). The pH of 
the sodium acetate washings (see above) was adjusted to 
3-0-3-2, and the washings were extracted repeatedly with 
ethyl acetate until such extracts gave non-fluorescent 
aqueous layers on shaking with 2% HCl. The combined 
ethyl acetate layers were then extracted to completion 
with 2% HCl. Some brown material, with considerable 
absorption in the region of 400 my., accompanied the 
porphyrin in such 2% HCl extracts, and a spectrophoto- 
metric correction factor for this was established as follows. 
Readings were taken at 405 my. (the Soret peak of uro- 
porphyrin in 2% HCl) and at 397mp. The average 
quotient d4y;/d3g, for the brown impurity (J) was 0-88, 
while for pure uroporphyrin (U) in 2% HCl dyg,/d4o5 was 
0-29. Thus 


dy; found =dU go, + 0-88dI¢, ; 
dy, found =0-29dU yo; + dIg97- 


QU 495 = (dys — 0-88d597)/0-745. 


Hence 
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From this corrected density value, uroporphyrin concen- 
trations were calculated by using the extinction coefficient 
Ei%, =6517 (Rimington & Sveinsson, 1950). 
cycloHexanone is a convenient solvent for the extraction 
of uroporphyrins (cf. Kennedy, 1954) and it has sometimes 
been used in place of ethyl acetate. The pH of the sodium 
acetate washings was adjusted to 1-5-1-8 with cone. HCl; 
passage of the porphyrin into cyclohexanone from this 
aqueous layer was usually complete after two extractions 
with solvent. After the addition of an equal volume of 
ether to the cyclohexanone, the uroporphyrin is readily 
extracted with 5% HCl. It was found that the same factor 
as that given above could be applied to correct for con- 
tamination with brown pigments. The final calculated 
value was multiplied by 1-05, since the extinction coefficient 
of uroporphyrin in 5% HCl is 95% of that in 2% HCl. 

With the procedures described above, recoveries of 90- 
100% were obtained when ‘Waldenstrém porphyrin’ or 
uroporphyrin I, in amounts ranging from 15 to 100yzg., 
were added to ethyl acetate—acetic acid filtrates prepared 
as described. If, however, the porphyrin was added to the 
haemolysate before precipitation of the protein with the 
ethyl acetate—acetic acid mixture, recoveries were much 
lower because of considerable adsorption of uroporphyrin 
on the precipitated protein. Then the average recovery of 
uroporphyrin I was 44-5 + 10-7 % (14 experiments, addition 
14-207 yg.), and of ‘Waldenstrém porphyrin’ 43-2+ 11-1% 
(24 experiments, addition 8-205yug.). The recovery was 
slightly lower at low levels of added uroporphyrin than at 
high levels: the average recovery in 10 experiments (4 
experiments with uroporphyrin I and 6 experiments with 

*Waldenstrém porphyrin), in which less than 30yug. of 
porphyrin was added, was 32:7+9-2%, and the average 
recovery in all the remainder was 47-7+ 8-4%. In spite of 
considerable efforts no better method could be found. The 
experimental uroporphyrin values were therefore multiplied 
by 2 and all values recorded in this and the two following 
papers (Dresel & Falk, 1956; Falk, Dresel, Benson & 
Knight, 1956) were corrected in this manner. This is not an 
ideal method, but it was considered adequate for the 
present purpose, particularly since the uroporphyrin 
fraction contains a porphyrin of unknown constitution 
(see p. 78). 

Determination of haem synthesis. After complete extrac- 
tion of the free porphyrins, the ethyl acetate solution con- 
taining the porphyrin-free haem was evaporated to dryness 
in vacuo. The dry residue was dissolved quickly in the 
minimum volume (about 10 ml.) of 0-1N-NaOH, and to 
this solution about 10 vol. of 10% oxalic acid in methanol 
was added at once. The haem was then converted into 
crystalline protoporphyrin dimethyl ester by the method of 
Grinstein (1947) and the ester was converted into its 
crystalline copper complex for radioactivity determination 
(cf. Dresel & Falk, 1954). Occasionally the protoporphyrin 
ester failed to crystallize; on chromatography with benzene 
on a column of Al,O, (grade V; Nicholas, 1951), the proto- 
porphyrin ester was eluted befcre interfering materials and 
was then always crystallizable. The amount of haem 
synthesized was calculated from the radioactivity of the 
protoporphyrin ester copper complex prepared from haem 
on the basis of the following considerations and experiments. 

Radioactivity of glycine in the system. After incubation for 
20 hr. with 0-0556M added glycine, the radioactivity of the 
recovered glycine was 94 and 96 % of that added initially to 
whole blood and washed cells respectively; the small 
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dilution was probably due to endogenous glycine (cf. 
Dresel & Falk, 1954). For the present calculations it was 
assumed that the radioactivity of the glycine throughout 
the incubation was the same as that found at the end. 

Radioactivity of newly synthesized protoporphyrin. If 
eight «-C atoms of glycine are incorporated into each mole- 
cule of protoporphyrin synthesized (Muir & Neuberger, 
1950; Wittenberg & Shemin, 1950), the activity of the 
newly synthesized protoporphyrin as the dimethyl ester 
(mol.wt. 590) should be (8 x 75)/590 x activity of «-4C- 
glycine used (mol.wt. 75), both materials being counted at 
infinite thickness (1.7.). It was found experimentally that 
the radioactivity of protoporphyrin dimethyl ester copper 
complex (at 1.7.) is not the theoretical 90%, but 85 % of the 
activity of the protoporphyrin ester from which it is made, 
probably owing to self-absorption. Thus the radioactivity 
of the copper complex derived from newly synthesized 
protoporphyrin should correspond to 85 x 1-02 =86-5% of 
that of the glycine. 

This was confirmed experimentally as follows. After 
incubation of 500 ml. of whole blood with radioactive 
glycine (conditions similar to those in Fig. 1), the free 
protoporphyrin was extracted as described above and 
converted into its crystalline dimethyl ester. This was re- 
crystallized to constant m.p. (229°); paper chromatography 
(Nicholas & Rimington, 1949) revealed only a dicarboxylic 
porphyrin; the material corresponded spectrophoto- 
metrically to pure protoporphyrin (cf. Falk e¢ al. 1956). 
After dilution, by weighing, with pure crystalline proto- 
porphyrin ester the material was converted into the crystal- 
line copper complex. The radioactivity of this, corrected 
for the dilution, was 86-3% of that of the glycine isolated 
at the end of the incubation. This supports the assumption 
that, under the conditions of our experiments, practically 
all the newly synthesized haem is derived from the glycine. 

Calculation of the quantity of haem synthesized. The 
amount of haem synthesized is equivalent to (X/Y) x P yg. 
of protoporphyrin, where X is the radioactivity of the 
isolated haem, determined as the protoporphyrin ester 
copper complex, Y is the calculated radioactivity of 
newly synthesized haem (as the protoporphyrin ester 
copper complex), and P is the total haem content of the 
system, which was determined as pyridine haemochromogen 
essentially by the method of Rimington (1942). Figures 
are expressed as yg. of protoporphyrin, using the extinction 
coefficient €yy4=34-7 (Dr K. G. Paul, private communica- 
tion). During these haemochromogen determinations con- 
siderable and rapid fading of the absorption was partially 
overcome by increasing the concentration both of pyridine 
and of NaOH. The possible error, however, was of the 
order of +10%. 


RESULTS 
Haem and free porphyrin formation from glycine 


Incubation with whole blood. The rates of syn- 
thesis of haem and of free porphyrin were linear for 
at least 24hr. (Fig. 1). The free porphyrin re- 
covered was protoporphyrin (for detailed identifica- 
tion see Falk et al. 1956) and no significant amounts 
of coproporphyrin or uroporphyrin were detectable. 
Fig. 2 shows that 0-056 glycine is near the con- 
centration above which free porphyrin synthesis in 
the whole-blood preparation, incubated for 16-5 hr., 
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is at its maximum and is independent of glycine 
concentration. With glycine as the only added 
substrate for porphyrin synthesis, the maximum 
rate of haem synthesis (Fig. 1) is therefore less than 
one-third of that of the total porphyrin synthesized, 
the remaining two-thirds accumulating in the 
form of free protoporphyrin. It would be of interest 
to study the relative amounts of haem and free 
protoporphyrin formed from low concentrations of 
added glycine, but such a study would require 
careful determinations of the dilutions of the radio- 
activity of added glycine by endogenous glycine, 
and was not performed. However, from the results 


2 
oo 


moles of porphyrin 
° 
a 


18 24 
Time (hr.) 

Fig. 1. Rate of synthesis of haem and free porphyrins 
from glycine in whole blood. Blood (25 ml.) was incu- 
bated in a final volume of 30 ml. with 0-056m glycine 
(10-7 uc). @, Newly synthesized haem; x, free proto- 
porphyrin. 


1:0 


moles of protoporphyrin 


0:04 0-06 0-08 0-10 
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Fig. 2. Effect of glycine concentration on synthesis of 
free protoporphyrin in whole blood. Blood (25 ml.) was 
incubated in a final volume of 30 ml. for 16-5 hr. 
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obtained in the presence of lead (see p. 77), it 
might be inferred that, when the capacity for total 
porphyrin synthesis is limited, haem is formed in 
preference to free protoporphyrin. 

Incubation with washed cells. It would appear 
from Fig. 3 that, although the initial rates of 
formation of free protoporphyrin may be similar in 
washed cells and in whole blood, the rate of syn- 
thesis falls off very much more rapidly with the 
former than with the latter. The results from which 
the curves are drawn were obtained with two 
different batches of blood, but the respective 
capacities for free protoporphyrin formation were 
not significantly different (cf. Fig. 3, 16 hr.). Some 
slight degree of haemolysis was noted in the 
washed-cell preparation, but the haemoglobin 
recovered from the saline medium after incubation 
was less than 1 % of the total. Haem synthesis was 
not determined, but the relationship of haem to 
free porphyrin synthesis in washed cells can be 
deduced from the results shown in Table 2. After 
incubation for 4 hr. the ratio of haem to free proto- 
porphyrin was about 1: 2-5, which is similar to that 
found with whole blood (ef. Fig. 1). 

Distribution of free protoporphyrin between cells 
and medium. When whole blood was incubated with 
glycine, about two-thirds of the free proto- 
porphyrin formed escaped into the serum, whereas 
with washed cells the free protoporphyrin was 
retained almost entirely inside the cells (Fig. 4). 
Serum proteins are known to have an affinity for 
protoporphyrin (Holden, 1937). From Fig. 5 it 
will be seen that a distribution of the free por- 
phyrin between the cells and medium similar to 
that found in the whoie-blood preparation could, 


12 
10 


08 


fumoles of protoporphyrin 


2 18 24 

Time (hr.) 

Fig. 3. Comparison of free protoporphyrin formation in 
whole blood and washed cells. Incubation as described 
in Fig. 1. x, 25 ml. of whole blood, expt. no. 98; ™, 
25 ml. of whole blood, expt. no. 104; @, 25 ml. of 
washed-cell preparation, expt. no. 104. 
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in fact, be obtained in the washed-cell preparation 
by the addition of purified human serum albumin. 
Further, the addition of serum albumin during 
incubation also resulted in a significant increase in 
the total amount of free protoporphyrin formed. It 
would appear, therefore, that one of the factors 
limiting the formation of free porphyrin in washed 
cells is its excessive accumulation inside the cells. 
At the highest albumin concentration tested, the 


1-0 


moles of protoporphyrin 


Time (hr.) - 7 

Fig. 4. Distribution of free protoporphyrin between cells 
and medium. Preparations (25 ml.) incubated in a final 
volume of 30 ml. with 0-056m glycine. Free protopor- 
phyrin in whole blood: @, inside cells; O, outside cells. 
Free protoporphyrin in washed-cell preparation: ™, 
inside cells; (1, outside cells. 


10f  Protoporphyrin inside cells 
E3 Protoporphyrin outside cells 


2 
@ 


3 Total protoporphyrin 


° ° 
+ Oo 


° 
rN 


moles of protoporphyrin 


Whole 
blood 


fs 


Washed 
cells 


Washed 
cells 
+15 g. of 
serum 
albumin 


Washed 
cells 
+05 g. of 
serum 

albumin 


Effect of serum albumin on distribution of free 
Prepara- 


Fig. 5. 
protoporphyrin between cells and medium. 
tions incubated for 15 hr. as described in Fig. 4. 
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amount of protoporphyrin recovered from inside 
the cells was of the same low order as when the 
plasma was present. Even so the total proto- 
porphyrin in the whole-blood preparation was 
greater than in the albumin experiment. It seems 
thus that other factors may be present in the 
plasma, which also have some stimulating effect on 
porphyrin production. 

Effect of and 2:4-dinitrophenol 
(DNP). The effect of anaerobiosis on the formation 
of free porphyrins from glycine in whole blood is 
shown in Table 1. No increase in free proto- 
porphyrin occurred; some coproporphyrin was 
formed, but the yield was only 6% of the proto- 
porphyrin formed aerobically, a result not unlike 
that found in the haemolysed preparation with 
PBG as substrate (Falk et al. 1953). No significant 
amount of the 
present experiments, in which precursors converted 
DNP 
(10-°m), tested under conditions similar to those 
described in Table 1, caused a 96% inhibition of 
free protoporphyrin synthesis. No coproporphyrin 
was formed (cf. similar inhibitions in washed cells 


anaerobiosis 


uroporphyrin was observed in 


into porphyrin by iodine were not sought. 


Table 1. Effect of anaerobiosis on formation of 


free porphyrins 


Whole blood (25 ml.) was incubated for 16 hr. in a final 
volume of 30ml. In the last experiment nitrogen was 
passed through the blood for about 30 min., when practic- 
ally no oxyhaemoglobin (HbO,) could be seen spectro- 
scopically. The flask was then closed with a mercury seal; 
at the end of incubation no HbO, could be detected. 


Porphyrins found (ymoles) 





ee sees 
Gas Proto- Copro- 

phase Addition porphyrin porphyrin 
Air -- 0-024 0-00 
Air Glycine (0-056 m) 0-727 <0-011 
N. Glycine (0-056 m) 0-022 0-044 


Table 2. 
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and haemolysate preparation, Dresel & Falk, 
1954). 

Effect of iron. FeSO, was tested at concentra- 
tions of 2x 10-4 and 2x10-°m. 2x 10-°m-FeSO, 
caused complete agglutination of the cells. The 
lower concentrations of Fe?+ caused some increase 
in haem (Table 2), and this was accompanied by an 
approximately equivalent fall in the free proto- 
porphyrin. The rather poor agreement in some 
cases can probably be attributed to experimental 
inaccuracies resulting from the very small differ- 
ences studied. The effect of asparagine was tested, 
since, according to Yoshioka, Oguchi, Kuse 
& Seno (1950), this compound forms with ferrous 
ions a complex which is very effective in alleviat- 
ing iron-deficiency symptoms in vivo. In our 
system, addition of asparagine did not appear 
to affect the efficiency of utilization of Fe?* for 
haem synthesis. 

The effect of siderophilin on the utilization of 
Fe?+ was studied in the second experiment illus- 
trated in Table 2. The concentration of siderophilin 
chosen corresponds approximately to that quoted 
for human blood (Drabkin, 1951). Furthermore, it 
may be calculated from the figures given by 
Drabkin that 2x 10-'m-FeSO, should have been 
just sufficient to saturate the added siderophilin. 
This was further suggested by the fact that the 
intensity of the pink colour developed on adding 
the siderophilin was approximately the same with 
both Fe?+ concentrations. From the figures in 
Table 2 it will be seen that the stimulation, if 
significant, of haem synthesis by 2 x 10-'m-FeSO, 
was unchanged by the addition of siderophilin. 

With 2x 10-4m-FeSO,, siderophilin may have 
reduced the stimulation due to iron, but the effect 
cannot be considered significant, particularly when 
it is remembered that there should have been a 
large excess of free Fe?+ present. The haem and 


Effect of ferrous sulphate on the synthesis of haem and free porphyrin in washed cells 


Washed cells were incubated for 4 hr. with 0-056 [«-“C]glycine, containing 10-7 4c. Heparin, penicillin and strepto- 
mycin were not added. In Expts. 1 and 2 there were used 25 and 19 ml. of washed cells in final volumes of 30 and 23 ml. 
respectively. Asparagine was added at a concentration of 2 x 10-m, and siderophilin at a concentration of 1 mg./ml. 


Newly synthesized porphyrin 


Additions Haem 

1 None 0-054 
2 x 10->m-FeSO, 0-066 

2 x 10-4m-FeSO, 0-080 
Asparagine 0-052 
Asparagine plus 2 x 10-°m-FeSO, 0-061 
Asparagine plus 2 x 10-4m-FeSO, 0-087 

2 None 0-063 
2 x 10-5m-FeSO, 0-070 

2 x 10-4m-FeSO, 0-096 
Siderophilin 0-066 
Siderophilin plus 2 x 10-5m-FeSO, 0-071 
Siderophilin plus 2 x 10-4m-FeSO, 0-084 


(umoles) as 


casi — A haem A protoporphyrin 


Protoporphyrin (umoles) (umoles) 
0-150 — — 
0-141 + 0-012 — 0-009 
0-118 + 0-026 ~ 0-032 
0-146 — 0-002 — 0-004 
0-135 + 0-007 —~0-015 
0-131 + 0-033 —0-019 
0-116 — — 
0-112 + 0-007 — 0-004 
0-108 + 0-033 — 0-008 
0-123 + 0-003 + 0-007 
0-120 + 0-008 + 0-004 
0-119 +0-018 + 0-003 
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free-protoporphyrin figures in this experiment 
refer only to what was recovered from the cells after 
incubation. This separate analysis was done in 
order to avoid the inclusion of any haem formed as 
an artifact outside the cells, should siderophilin, 
like serum albumin, have promoted the diffusion of 
free protoporphyrin out of the cells. Since the free 
protoporphyrin recovered from the cells was, if 
anything, slightly higher in the flasks incubated 
with siderophilin, this seems unlikely. The amounts 
of free porphyrin found outside the cells were 
insignificant and were not determined quanti- 
tatively. A determination of the radioactivity of 
the haem present in the medium was not considered 
worthwhile, because of the experimental difficulties 
involved. 

Inhibition by lead. The parallel formation of 
large amounts of haem and free protoporphyrin in 
bird red cells offered an opportunity for a study of 
the effect of lead on the incorporation of iron into 
haem. It was found that the synthesis of free 
protoporphyrin is inhibited at lower concentrations 
of lead than is the synthesis of haem (Fig. 6). Thus, 
with 10->m lead acetate, where protoporphyrin 
synthesis was inhibited by 50%, haem synthesis 
was reduced by only about 9%, and with 3 x 10->m 
lead acetate, when free protoporphyrin accumula- 
tion was almost completely suppressed, haem 
formation was inhibited by only about 64%. It 
seems clear, therefore, that in this system lead 
inhibits some step in the synthesis of a precursor of 
haem, rather than the incorporation of iron into 
the porphyrin nucleus. It may also be concluded 
that haem is formed in preference to free protopor- 
phyrin when the synthesis of porphyrin is limited. 

Formation of haem and free porphyrin from ALA 
and PBG. As was found with haemolysate prepara- 
tions (cf. Dresel & Falk, 1956), ALA is readily 
converted by whole-blood and washed-cell pre- 
parations into protoporphyrin and traces of uro- 


Table 3. Conversion of ALA and PBG into free porphyrins 
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porphyrin and coproporphyrins (Table 3). The 
yields of these two porphyrins would probably 
have been greater if higher concentrations of ALA 
had been tested. PBG, on the other hand, gave 
rise only to traces of protoporphyrin in these pre- 
parations, the major porphyrin formed then being 
uroporphyrin. It seems probable that this por- 
phyrin is formed non-enzymically outside the cells 
(see Discussion). The behaviour of PBG here 
differs markedly from its behaviour in haemolysate 
preparations, where proto-, copro- and _ uro- 
porphyrins are freely formed from PBG, and the 
yields are identical with those obtained from 
equivalent amounts of ALA (Dresel & Falk, 1956). 
It seems, then, that PBG does not penetrate the 
chicken red cell to any significant extent under 
these conditions. 


100 


80 


60 


40 


Percentage inhibition 


20 





-40 


-50 
log (molar concn. of lead acetate) 


0 —-60 


Fig. 6. Effect of lead acetate on synthesis of haem and 
protoporphyrin from glycine. Incubation for 16 hr. as 
described in Fig. 1. @, Inhibition of haem synthesis; 
x, free protoporphyrin synthesis. 


15 ml. preparation made up to 20 ml. with saline and incubated for 16 hr. All figures are expressed as ‘moles por- 


phyrin equivalents’ (cf. Dresel & Falk, 1956). 


Expt. 

no. Preparation Addition 

140 Whole blood ALA, 3-40 
Washed-cell preparation ALA, 3-40 

210 Whole blood oo 
Whole blood PBG, 10-25 

136 Washed-cell preparation ALA, 0-083 
Washed-cell preparation ALA, 2-49 
Washed-cell preparation PBG, 1-87 
Washed-cell preparation PBG, 9-33 

138 Washed-cell preparation PBG, 2-08 


PBG, 2-08 
PBG, 2-08 


Second washings of cells 
Second washings of cells, boiled 


Porphyrins formed 
; Constituents of 








——— ae 
Proto- Copro- Uro- ‘uroporphyrin fraction’* 
0-219 0-002 0-005 — 

0-249 0-002 0-007 — 

0-018 0-000 0-000 a 

0-034 0-001 135 => 11 

0-059 0-001 0-011 Ill =pseudoUroporphyrin 
0-144 0-001 0-015 Ill =pseudoUroporphyrin 
0-007 0-000 0-145 I>ILI >pseudoUroporphyrin 
0-012 0-000 0-855 I>IL1 >pseudoUroporphyrin 
Trace 0-000 0-169 1>II1 >pseudoUroporphyrin 
0-000 0-000 0-143 III>I 

0-000 0-000 0-248 III>I 


* This analysis was carried out by the ‘dioxan paper chromatography’ method described by Falk et al. (1956). 
>, Greater than; >, much greater than; >, very much greater than. 
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Nature of the porphyrins formed. The detailed 
results of our studies of the nature of the por- 
phyrins formed in these experiments are given in 
a later paper of this series (Falk et al. 1956). In 
brief, the results show that in the ‘protoporphyrin’ 
fractions described above, most of the material is, 
in fact, protoporphyrin. 

The ‘uroporphyrin’ fraction from ALA with 
whole-cell preparations (Table 3), like that from 
ALA or PBG with the haemolysate (cf. Dresel & 
Falk, 1956), consists of uroporphyrin III and 
pseudouroporphyrin (cf. Falk et al. 1956) in about 
equal amounts. The possibility that material 
referred to as uroporphyrin III may contain uro- 
porphyrin IV cannot at present be excluded (cf. 
Falk et al. 1956). 

It is well known that PBG can be condensed to 
uroporphyrins by purely chemical means. In 
aqueous acid or alkali, mixtures of the uropor- 
phyrin isomers are readily obtained (cf. Cookson & 
Rimington, 1954), but no pseudouroporphyrin is 
formed. Similarly, on incubation of PBG with the 
second washings of the cells (corresponding 
approximately to the incubation medium), or with 
these washings boiled, or with the intact washed 
cells suspended in saline, mixtures of uroporphyrin 
isomers are formed (cf. Table 3). But only where 
PBG was incubated with the intact cells was there 
a trace of pseudouroporphyrin formed. In this case 
there was also a trace of protoporphyrin, and this 
and the trace of pseudouroporphyrin were probably 
due to enzymic conversion of a small amount of 
PBG which penetrated the cells. Both porphyrins 
are formed freely from PBG when the cell-wall 
barrier is removed by haemolysis. 


DISCUSSION 


Determination of haem synthesis. The use of the 
isotope-tracer technique for the study of haem 
synthesis necessitates the complete separation of 
protoporphyrin from haemin. Contamination of 
the haemin with as little as 0-1 % of protoporphyrin 
could make considerable difference to its radio- 
activity, since most of the protoporphyrin is 
newly synthesized and highly labelled, while most 
of the haemin is derived from preformed haemo- 
globin. In our experiments the newly synthesized, 
labelled haem is only about 0-1 % of the total haem 
present. About 10% of the protoporphyrin present 


in whole chicken blood after incubation with 


glycine may be recovered from crystalline haemin 
prepared according to Fischer (1941). Thorough 
washing of the crystals failed to remove the 
porphyrin; removal was effected only by extraction 
with HCl of a solution of the crystals in ethyl 
acetate. Protoporphyrin ester prepared from blood 
by the method of Grinstein (1947) may also include 
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some of the free protoporphyrin originally present ; 
only 80-90% of this was recovered in the acetone 
supernatant after precipitation of the proteins 
from incubated blood. A complete separation of 
free porphyrin from haemin is effected during the 
determination of free porphyrins as described 
under Methods. The porphyrin-free haemin which 
remains in the ethyl acetate solution after this 
extraction was used in our studies. 

Synthesis of haem and porphyrins. The capacity 
of normal adult chicken blood for the synthesis of 
protoporphyrin and haem in vitro is remarkable. 
If 70 ml. is taken as the approximate total blood 
volume of the fowl (A. Gajdos, private communica- 
tion), 30 days as the average life span of the chicken 
erythrocyte (Hevesy, 1948), and a haemoglobin 
concentration as 10 g./100 ml. of blood (E. I. B. 
Dresel, unpublished results), it can be calculated 
that the fowl synthesizes every day about 8 mg. of 
protoporphyrin in the form of haemoglobin. 
Under our best conditions, 70 ml. of whole chicken 
blood synthesized, from glycine, 2-2 mg. of proto- 
porphyrin and haem in 24 hr. This indicates con- 
siderable retention by the peripheral blood cells of 
their capacity for synthesis, most of which appears 
normally to occur in the marrow and the spleen 
(Jordan, 1942). The synthesis in the peripheral 
blood may be thought to be due solely to those 
immature cells which are present, but this would 
not be consistent with the constant rate of syn- 
thesis observed over a period of 24hr. (Fig. 1), 
because there is considerable maturation of 
immature chicken cells under similar incubation 
conditions (Wright & Alstyne, 1931). 

This intact-cell preparation, in which both haem 
and free protoporphyrin are formed freely, offered 
a suitable system for studies of factors influencing 
haem formation. The addition of ferrous iron causes 
some increase of haem with a corresponding 
decrease of protoporphyrin. We found no effect 
with either siderophilin, the normal iron-trans- 
porting protein of the serum, or asparagine, which 
according to Yoshioka et al. (1950) stimulates the 
utilization of iron for erythropoiesis on parenteral 
injection. The similarity of the uptake by duck 
erythrocytes of ferrous and of ferric iron has been 
discussed by Sharpe, Krishnan & Klein (1952); in 
our experiments only ferrous iron was added. The 
question whether the increase in haem which we 
find on the addition of ferrous sulphate is enzymic 
or not is discussed in detail in the next paper 
(Dresel & Falk, 1956). 

The finding that serum proteins promote the 
diffusion of free protoporphyrin from the erythro- 
cyte might suggest that some free protoporphyrin 
should be present in normal plasma. The normal 
concentrations of free erythrocyte protoporphyrin 
are relatively low, both in the mammal and in the 
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bird (Schwartz & Wikoff, 1952), perhaps because of 
diffusion of the porphyrin into the plasma, and its 
rapid excretion by the liver (Falk, 1954). 

A comparison of the respective activities for 
haem and protoporphyrin synthesis in whole blood 
and the haemolysate preparation (cf. Dresel & 
Falk, 1954) indicates that, after 2 hr. with op- 
timum glycine concentration, when maximum 
rates of formation in both preparations are still 
found, in the haemolysate haem formation is 
75%, and free protoporphyrin formation is about 
20%, of that observed in whole blood. In the 
haemolysate yeast juice may cause stimulation of 
haem synthesis up to sixfold, (Dresel & Falk, 
1954), so that the retention of activity after haemo- 
lysing is remarkable. The synthetic capacity of the 
haemolysate preparation, however, falls off very 
rapidly, whereas that of whole blood is stable for at 
least 24 hr. 


SUMMARY 


1. Methods are described for the quantitative 
determination of the haem, protoporphyrin, 
coproporphyrin and uroporphyrin formed in 
chicken-blood preparations. 

2. In whole blood, the rate of synthesis of por- 
phyrins from glycine was constant for at least 
24 hr. at 38°. Only one-third of the total porphyrin 
synthesized was present as haem, the remainder 
being recovered as protoporphyrin. 

3. In washed cells, haem and protoporphyrin 
were again formed from added glycine, but the 
activity of the tissue fell off more rapidly. 

4. The distribution of the free protoporphyrin 
between the cells and medium was found to depend 
on the presence or absence of protein in the external 
medium. In washed cells almost all the proto- 
porphyrin was retained inside the cells, whereas in 
whole blood, or in a washed-cell preparation with 
added serum albumin, about two-thirds of the proto- 
porphyrin was found in the external medium. 

5. Anaerobic incubation resulted in the forma- 
tion of only small amounts of coproporphyrin and 
of no protoporphyrin from glycine. 2:4-Dinitro- 
phenol (10-*m) completely inhibited protopor- 
phyrin synthesis from glycine in whole blood. 

6. Added ferrous sulphate caused some increase 
in haem, which was accompanied by an approxi- 
mately equivalent fall in free protoporphyrin. 
Neither asparagine nor siderophilin had any 
significant effect on the utilization of iron for 
haem synthesis. 

7. Lead was found to inhibit porphyrin forma- 
tion from glycine, but did not apparently interfere 
specifically with the incorporation of iron into 
porphyrin. 

8. 5-Aminolaevulic acid was utilized by whole 
blood and washed-cell preparations for porphyrin 
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synthesis. Porphobilinogen, on the other hand, 
does not appear to penetrate the red cell to any 
significant extent. 


We have much pleasure in acknowledging the able 
technical assistance of Miss A. Benson, Miss B. C. Knight 
and Miss B. E. Tooth. 
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3. HAEM AND PORPHYRIN FORMATION FROM 5-AMINOLAEVULIC ACID AND 
FROM PORPHOBILINOGEN IN HAEMOLYSED CHICKEN ERYTHROCYTES 


By E. I. B. DRESEL* anp J. E. FALKT 
The Nuffield Unit for the Investigation of Pyrrole Pigment Metabolism, Department of Chemical Pathology, 
University College Hospital Medical School, London, W.C. 1 


(Received 5 July 1955) 


The significance of -aminolaevulic acid (ALA) and 
porphobilinogen (PBG) as specific haem and por- 
phyrin precursors has been outlined in the pre- 
ceding paper (Dresel & Falk, 1956a); in experi- 
ments with intact chicken erythrocytes ALA and 
PBG behaved very differently, because of the 
almost complete impermeability of the intact 
cells to PBG. In the present paper we describe the 
behaviour of these two precursors in our chicken 
erythrocyte haemolysate (cf. Dresel & Falk, 1954); 
in this system the two substrates behave similarly 
with respect to haem and porphyrin formation, 
both quantitatively and qualitatively. 


Lead has been shown to inhibit the formation of 


haem from glycine (Dresel & Falk, 1954, 1956a). 
In this paper we show that lead inhibits porphyrin 
formation from ALA but not significantly from 
PBG. This indicates inhibition of ALA dehydrase 
(Gibson, Neuberger & Scott, 1954), but this 
enzyme does not appear to be as sensitive to lead as 
some enzyme involved in the formation of ALA 
from glycine. In addition to the whole haemolysate 
we have studied the activity of homogenized pre- 
parations and of supernatants obtained from both 
types of preparation by high-speed centrifuging. 
These preparations have been compared with 
similar preparations from duck cells. 

Some of the results described in this paper have 
already been reported briefly (Dresel, 1955; Falk, 
1955; Falk, Dresel & Rimington, 1953; Dresel & 
Falk, 1953). 

EXPERIMENTAL 


Materials 

Radioactive porphobilinogen. Radioactive glycine (200 nc/ 
m-mole; 50mg.) was given orally each day for three succes- 
sive days to a rabbit made porphyric by allylisopropyl- 
acetamide (cf. Goldberg & Rimington, 1955). The porpho- 
bilinogen in the urine was worked up separately each day 
as described by Cookson & Rimington (1954); we are 
grateful for the help given us by Dr Goldberg and Professor 


* Present address: Department of Physiology, Medical 
School, Johannesburg, South Africa. 
+ Present address: C.S.I.R.O., 
Industry, Canberra, A.C.T., Australia. 
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Rimington in this matter. Almost equal and high activities 
were obtained on the second and third days, and these 
samples were combined and crystallized to constant 
activity as the hydrochloride. From a comparison of the 
counts at infinite thinness (cf. Dresel & Falk, 1956b) of this 
material with 2:4-dinitrophenylglycine of known radio- 
activity, it was calculated that the radioactivity of the 
porphobilinogen so obtained corresponded to 6-26 pyo/ 
m-mole of PBG, or 25-04uc/m-mole of haem formed 
from PBG. Unlabelled PBG and ALA were obtained 
as described by Dresel & Falk (1956a). All reagents 
were of A.R. grade. Glass-distilled water was used 
throughout. 

Radioactive ALA. “CO,H.CH,.CH,.“CO.CH,.NH, 
containing 29-5uc/m-mole was kindly supplied by Drs 
Scott and Neuberger. Since, in the formation of proto- 
porphyrin from 8 moles of ALA six of the carboxyl groups 
are removed, the radioactivity of haem formed from this 
material should be 147-5 uc/m-mole, that is 5-85 times as 
high as the haem formed from our radioactive porpho- 
bilinogen. 

It should be pointed out that, owing to the low radio- 
activity of the material, the results quoted for haem syn- 
thesis from PBG are subject to rather large experimental 
error. Maximum counts obtained in the isolated copper 
protoporphyrin ester (after incubation for 4 hr. with non- 
limiting PBG) were of the order of 10 counts/min. above 
background counts of about 14 counts/min. 


Methods 


Tissue preparations. The red cells were washed and 
haemolysed essentially as described previously (Dresel & 
Falk, 1954, preparation B), but the haemolysate was 
brought back to approximate isotonicity with 0-604m- 
KCl instead of the phosphate buffer-KCl mixture. ‘Homo- 
genates’ were prepared from the haemolysates by treat- 
ment for 7 min. in a Waring Blendor in a cold room at 2°. 
‘Supernatant’ preparations from these haemolysates and 
homogenates were obtained at 0° by high-speed centri- 
fuging. By phase-contrast microscopy, kindly carried out 
by Dr J. Hanson, a few particles of less than 1-04. diameter 
were found in the crystal-clear supernatants from chicken 
cells, both when the preparations had been spun at 
18 000 g for 20 min. and at 78 000g for 60 min. Incuba- 
tions were carried out as described by Dresel & Falk 
(1954). 

Determination of PBG. PBG was determined spectro- 
photometrically (Cookson & Rimington, 1954), in filtrates 
obtained after precipitation of the tissue preparations with 
trichloroacetic acid to a final concentration of 5% (w/v). 
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Fig. 1. Effect of time on synthesis of porphyrins from non- 
limiting amounts of PBG (x) (2-12moles ‘porphyrin 
equivalents’) and ALA (@) (2-09umoles ‘porphyrin 
equivalents’) in the haemolysate. P, protoporphyrin; 
C, coproporphyrin; U, uroporphyrin. Other conditions 
as in Table 1. 


There was considerable fading of the colour of the PBG- 
Ehrlich reagent complex in these extracts;-when readings 
were taken as quickly as possible (about 30 sec.) recoveries 
of the order of 70-80% were obtained. By determining the 
rate of fading and extrapolating to zero time, recoveries 
were increased to 90-100 %. 

Determinations of haem and porphyrins. These were 
carried out as described by Dresel & Falk (1956a). 


RESULTS 


The quantitative equivalence of PBG and ALA as 
substrates for haem and porphyrin formation is 
indicated in Figs. 1, 3 and 4. The concentrations 
of these two substrates are usually expressed as 
‘porphyrin equivalents’, to allow for the fact that 
eight molecules of ALA, but only four of PBG, are 
required to synthesize one molecule of porphyrin; 
i.e. the concentrations quoted have to be multi- 
plied by 8 and 4 respectively to give the actual 
molarities of ALA and PBG. 


6 


HAEM AND PORPHYRIN FORMATION. 3 81 


1:0 


0-9 


0-8 


0-7 


2 2 
w oa 


xmoles of porphyrin 


° 
ab 


x 
“ we 


x 
0-2 
0-1 
0 es 
0 1 2 3 4 
Time (hr.) 
Fig. 2. Effect of time on synthesis of porphyrins from a 


limiting amount of PBG (0-52umole ‘porphyrin 
equivalents’) in the haemolysate. P, protoporphyrin; 
C, coproporphyrin; U, uroporphyrin. Other conditions 
as in Table 1. 


Effect of time of incubation. The time curves for 
porphyrin formation from ALA and PBG at non- 
limiting substrate concentrations are shown in 
Fig. 1. The system was obviously stable for at 
least 4hr. Protoporphyrin, coproporphyrin and 
uroporphyrin were formed in molar ratios of 
approximately 6:1:2. The constitution of these 
porphyrins, as revealed by chromatographic 
studies, is discussed below. When the substrate 
concentration was rate-limiting (Fig. 2), the small 
amounts of uroporphyrins and coproporphyrins 
present at 2 hr. disappeared after a further hour of 
incubation, and protoporphyrin increased during 
this hour. This might suggest conversion of uro- 
porphyrins and coproporphyrins into protopor- 
phyrin. The amounts of porphyrin were, however, 
rather small, and evidence from some recovery 
experiments at similar levels suggests that part, at 
least, of the disappearance of uroporphyrins and 
coproporphyrins is due to degradation during 
incubation. 

3ioch. 1956, 63 
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Porphyrin precursors of the leuacoporphyrin type 
(cf. Falk, 1954) were sought on the basis of their 
conversion into porphyrins by treatment with 
iodine (Schwartz, Zieve & Watson, 1951), but no 
increase in free porphyrin was ever found by this 
method. 

Effect of substrate concentration. At low sub- 


alone is 


strate concentration protoporphyrin 
formed (Fig. 3); uroporphyrin and _ copropor- 


phyrin appear only when a substrate concentration 
is reached at which protoporphyrin formation is 
reaching a maximum. This could be due either to 
a stepwise conversion of uroporphyrin through 
coproporphyrin into protoporphyrin, or, on the 
other hand, to parallel independent syntheses with 
differing enzyme-substrate affinities. The curve 
(Fig. 3) does not reflect initial rates over the whole 
range of substrate concentrations. The yields of 
porphyrins were those found after 4hr., but at 
low substrate concentrations the formation of 
porphyrins would already have been complete 
before this time (cf. Fig. 2). 

At rate-limiting substrate concentrations (e.g. 
2-4x 10-5m PBG or 0-6 x 10-5 ‘porphyrin equi- 
valents’) as much as 90% of the added material 
could be accounted for as haem and _ protopor- 
phyrin. Under optimum conditions of substrate 
concentration (20x10¢m PBG, or 5x10 
‘porphyrin equivalents’), the total yield of por- 
phyrins accounted for some 55% of added PBG. 
In addition, about 10% of added PBG was re- 
covered. It will be shown below that the capacity 
of the system to convert PBG into haem is re- 
latively slight. In the present case the haem 


formed would have accounted for only about 2 % of 
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Fig. 3. Effect of PBG and ALA concentration on por- 
phyrin synthesis during 4hr. incubation with the 
haemolysate. P, protoporphyrin; C, coproporphyrin; 
U, uroporphyrin; H, haem (for more detailed comparison 
see Fig. 4). x, [PBG]; @, [ALA]. Other conditions as 
in Table 1. 
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the added PBG. The fate of the remaining 33% 
was not discovered (cf. Discussion). 

PBG was recovered almost quantitatively, and 
only a trace, if any, of uroporphyrin was formed, 
after incubation under the usual conditions 
(approx. 2-5x 10-4m at 37° for 4hr.) with boiled 
haemolysate or with 0-01m phosphate buffer 
pH 7-3. This was important because of the ready 
non-enzymic conversion of PBG into uropor- 
phyrins under certain conditions (cf. Cookson & 
Rimington, 1954). The yields of porphyrins from 
optimum concentrations of ALA or PBG were un- 
changed when succinate (0-01mM) and glycine 
(0-01m) were also added to the system. 

Haem synthesis. Maximum haem synthesis in 
4 hr. was obtained from 1-5 x 10-> m ALA or PBG 
‘porphyrin equivalents’ Fig. 4. Some three to four 
times as much substrate is required for maximum 
synthesis of porphyrin (Fig. 3), the amount of the 
latter being about thirty times greater than the 
amount of haem synthesized. 

Haem synthesis was probably not quite linear 
for 4hr. (Table 1). The synthesis after 2 hr. 
amounted to about 60% of that observed after 
4hr., although we have insufficient data to estab- 
lish this point accurately. The time curve up to 
4hr. is not dissimilar to that obtained for the 
synthesis of haem from glycine (Dresel & Falk, 
1954), so that a comparison of the formation of 
haem from glycine and from ALA and PBG at 
4 hr. is perhaps permissible. Under optimum con- 
ditions, haem synthesis from PBG was apparently 
only some 50% higher than haem synthesis from 
glycine (Expt. no. 164, Table 1). This is in strong 
contrast to the relative amounts of free protopor- 
phyrin. From PBG and ALA the maximum proto- 
porphyrin formed was about fifty times as much 
as from glycine. The inequality of the yields from 
PBG and ALA in the two different experiments 
of Table 1 is due to the variation in activity of 
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Fig. 4. Effect of PBG and ALA concentration on haem 
synthesis in the haemolysate. Conditions as in Fig. 3. 
P, protoporphyrin; H, haem; x, [PBG]; @, [ALA]. 
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Table 1. Time relationships of haem and protoporphyrin formation from ALA and PBG 


Haemolysate (21 ml.) was incubated in a final volume of 33 ml. (see Methods) containing 0-0036m-MgCl,. 


Addition Proto- 
Expt. (moles ‘ porphyrin Time Haem porphyrin 
no. equivalents’) (hr.) (umoles+s.p.) (umoles) 
164 PBG, 1-94 2 0-021 +0-0017 0-379 
PBG, 1-94 4 0-037 + 0-0019 0-818 
Glycine, 53-4* + 0-025 +0-0010 0-015 
186 ALA, 1-96 2 0-017 +0-0008 0-289 
ALA, 1-96 4 0-029 + 0-0009 0-576 
PBG, 1-90 + 0-025+0-0018 0-587 


* Glycine concentration corresponds to 0-013M (cf. Dresel & Falk. 1954). 


Table 2. Effect of FeSO, on haem and porphyrin formation from PBG 


Flasks were incubated for 4 hr. under conditions as described in Table 1. All figures are expressed as moles ‘ porphyrin 
equivalents’. 


E Haem Proto- Copro- Uro- 

Additions (+s.D.) porphyrin porphyrin porphyrin 
PBG, 1-94 0-037 + 0-0019 0-818 0-112 0-255 
PBG, 1-94 + FeSO, (0-001 m) 0-330 +0-012 0-377 0-051 0-164 


different haemolysate preparations, which was _ subjected to ‘lutidine’ paper chromatography 
exceptionally large in this particular case. (Falk, Dresel, Bensor. & Knight, 1956) revealed 
The low yield of haem from PBG and ALA may only a small proportion of ‘dicarboxylic’ por- 
be due to a lack of available iron. Indeed, addition phyrin, together with porphyrins in the tricar- 
of 10-*m-FeSO, to the system led to a tenfold boxylic and tetracarboxylic positions. The relatively 
increase of haem which was paralleled by a fall in small amount of the dicarboxylic porphyrin had 
the free protoporphyrin, approximately equivalent probably originated from endogenous sources 
to the amount of extra haem formed (Table 2). The Yather than from PBG. It seems, then, that the 
coproporphyrin and uroporphyrin fractions were enzyme system responsible for the formation of 
also reduced. This could be due to a formation of protoporph:,rin is absent from the supernatant 
urohaem and coprohaem, which would have been preparation, a finding contrary to that of Shemin, 
lost during fractionation. Similarly, the raised Abrams].y & Russell (1954), who have made 
protohaem formation in the presence of iron in this _ similar studies with duck-erythrocyte homogenates. 
system is probably the resull of the non-specific For tais reason we have performed a few experi- 
formation of a complex of iron with the available ments with duck haemolysate and homogenate 
protoporphyrin. preparations (Table 3). Certain differences between 
It was of some interest to know whether, at low the two species will be noted. Under optimum 
concentrations, PBG is preferentially converted conditions for porphyrin synthesis (Expt. 206, 
into haem. As shown in Fig. 4, it was not found to Table 3) almost twice as much protoporphyrin was 
be so, the free protoporphyrin amounting to about formed in the duck whole haemolysate as in the 
twice the haem formed at the lowest concentration chick whole haemolysate, but the accumulation of 
of PBG which could be studied. coproporphyrin and uroporphyrin, though still 
: ; appreciable, was considerably less in the duck 
Porphyrin and haem formation from ALA and PBG preparation. The total porphyrin formed was 
in soluble preparations from chick and duck greater in the duck whole haemolysate than in the 
haemolysates and homogenates chick whole haemolysate, but in the corresponding 
The supernatant fraction obtained after spinning supernatant preparations the situation was re- 
the chick haemolysate at high speed (see Methods) versed. The smaller total yield of porphyrins in the 
will convert PBG and ALA into coproporphyrin duck-preparation supernatant was due largely to 
and, at high substrate concentrations, also into amuch smaller coproporphyrin fraction ; in fact the 
‘uroporphyrins’, but not significantly into proto- protoporphyrin fraction was rather higher in this 
porphyrin or haem (Falk et al. 1953; Dresel, 1955). preparation than in the corresponding chick pre- 
This is further illustrated in Table 3. “he small paration; in this case the Soret maximum corre- 
amounts of porphyrin which appeared in the ‘pro- sponded closely to that of true protoporphyrin. 
toporphyrin’ fraction of the supernateints always Even so, less than 10% of the system responsible 
had Soret maxima at slightly shorter wavelength for protoporphyrin formation in the duck-blood 
than true protoporphyrin; in addition, a sample haemolysate was present in its supernatant. 
6-2 
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Table 3. Haem and porphyrin formation from ALA and PBG in various tissue preparations 


21 ml. preparations were incubated for 4 hr., except in Expt. no. 206, (5-25 ml. incubated for 2hr.). For easier 
comparisons, figures in this experiment were multiplied by 8; this treatment implies somewhat greater experimental 
inaccuracies since the actual determinations were on smaller amounts. The ‘solids’ preparation (Expt. no. 112) was ob- 
tained after centrifuging 21 ml. of haemolysate at 18 000 g, washing the spun-down fraction twice with 0-9% (w/v) KCl 
at 18 000g and finally making up to 21 ml. with 0-:9% KCl. Supernatant fractions were obtained after centrifuging for 
20 min. at 18 000 g (Expts. no. 112, 162 and 186) or 60 min. at 78 000 g (Expts. nos. 206 and 214). All preparations were 
used fresh with the exception of those in Expt. no. 214, which had been stored at — 10° for 4 weeks. Quantities of ALA 


and PBG are expressed as ymoles ‘porphyrin equivalents’. 
Porphyrins formed (zmoles) 





s a tn * 
Expt. Proto- Copro- Uro- 

no. Tissue preparation Addition porphyrin porphyrin porphyrin Haem +S.D. 

112 Chicken haemolysate PBG, 0-266 0-177 0-0 0-0 _— 
Chicken haemolysate ‘solids’ PBG, 0-266 0-0 0-0 0-0 —- 
Chicken haemolysate supernatant PBG, 0-266 0-012* 0-068 0-0 — 
Chicken haemolysate supernatant +-solids PBG, 0-266 0-174 0-0 0-0 — 

162 Chicken haemolysate PBG, 0-521 0-362 0-0 0-0 0-024-+0-0017 
Chicken haemolysate supernatant PBG, 0-521 0-012* 0-167 0-012 0-0 

186 Chicken haemolysate ALA, 0-49 0-347 0-0 0-0 0-026 +. 0-0009 
Chicken haemolysate supernatant ALA, 0-49 0-012* 0-147 0-028 0-0 

206 Chicken haemolysate PBG, 3-472 0-640 0-120 0-162 ~~ 
Chicken haemolysate supernatant PBG, 3-472 0-040 0-320 0-424 -_- 
Chicken homogenate PBG, 3-472 0-216 0-0 0-008 —_ 
Chicken homogenate supernatant PBG, 3-472 0-056 0-024 0-016 —- 
Duck haemolysate PBG, 3-472 1-168 0-048 0-080 =< 
Duck haemolysate supernatant PBG, 3-472 0-112 0-088 0-344 — 
Duck homogenate PBG, 3-472 0-160 0-0 0-0 _— 
Duck homogenate supernatant PBG, 3-472 0-112 0-0 0-008 — 

214 Chicken haemolysate PBG, 0-382 0-149 0-025 0-0 0-024 + 0-0026 
Chicken homogenate PBG, 0-382 0-081 0-007 0-0 0-039 + 0-0029 
Chicken homogenate supernatant PBG, 0-382 0-020 0-012 0-0 0-0 
Duck haemolysate PBG, 0-382 0-155 0-025 0-0 0-034 +.0-0031 
Duck haemolysate supernatant PBG, 0-382 0-021 0-014 0-0 0-0 
Duck homogenate PBG, 0-382 0-098 0-021 0-0 0-021 +0-0029 
Duck homogenate supernatant PBG, 0-382 0-051 0-010 0-0 0-0 


ae Soret peak of these fractions was at 406-408 my., whereas that of pure protoporphyrin is at 409 under similar 
conditions. 


Table 4. Effect of lead acetate on haem and porphyrin synthesis from glycine, ALA and PBG 


A phosphate buffer-KCl-haemolysate (cf. Dresel & Falk, 1954, preparation B) was used in Expt. no. 92, but the usual 
KCl-haemolysate (see Methods) was used in Expts. nos. 216 and 218. Other conditions as in Table 1; 0-01m sodium 
succinate was added in Expt. no. 92. Incubation for 2 hr. in Expt. no. 92 and for 4 hr. in Expts. nos. 216 and 218. 
— denotes not determined. 

Synthesis as percentage of control 
A 





Pb a aadieiiee = aensoniiiegilliia 
Expt. acetate Proto- Copro- Uro- Total free 
no. Substrate (M) Haem porphyrin porphyrin* _porphyrin* porphyrins 
92 Glycine (0-0065M, 12-7 uc) 10-6 86+4-0 --- — — = 
10-5 4541-9 bias < te _ 
3x10 1641-1 — — — = 
10-4 1140-7 an aod oo ss 
218 Glycine (0-013M, 14-1 yc) - 54+1-8 44 - — sc 
10-4 23+1-0 17 — - joe 
216 ALA (0-33 x 10-*m7) 10-6 = ro02 96 88 92 
10-* — 100 88 106 95 
10-* — 50 0 <2 33 
PBG (0-3 x 10-4) 10-4 8048-0 98 15 85 92 


* No entries where porphyrins were absent from control flasks. { Expressed as ‘ porphyrin equivalents’. 
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It seemed conceivable that homogenization 
might alter the distribution of the enzymes, but in 
our hands the main effect of this was a very con- 
siderable inactivation of all the enzymes. Those 
enzymes responsible for the formation of uropor- 
phyrins and coproporphyrins appeared to be more 
sensitive in this respect than those concerned with 
protoporphyrin formation. There was possibly 
slightly more protoporphyrin formed by the homo- 
genate supernatant than by the haemolysate 
supernatant, but the difference was small. 


‘Constitution of the porphyrins formed 


The details of the methods of analysis of these 
porphyrins are presented separately in the next 
paper (Falk e¢ al. 1956). The ‘protoporphyrin’ 
fraction consisted mainly of protoporphyrin, 
accompanied by trace amounts of a material which 
corresponded on paper chromatograms to a tri- 
carboxylic porphyrin. Chromatographically, the 
‘coproporphyrin’ fraction corresponded mainly to 
coproporphyrin III. There was occasionally a 
suggestion of ‘tailing’ to the coproporphyrin I 
position on the paper chromatograms, but the 
presence of this isomer could not be confirmed. It 
was present, if at all, in very small amounts com- 
pared with the coproporphyrin III. This fraction 
also contained trace amounts of materials, the 
behaviour of which on the chromatograms sug- 
gested that they might be tri-, penta-, hexa- and 
hepta-carboxylic porphyrins. The ‘uroporphyrin’ 
formed on incubation of the haemolysate with 
either ALA or PBG always corresponded chromato- 
graphically to uroporphyrin III and pseudouro- 
porphyrin (Falk et al. 1956; Dresel & Falk, 1956@) in 
about equal amounts. 

The ‘coproporphyrin’ and ‘uroporphyrin’ frac- 
tions behaved identically on chromatograms, 
whether they arose from whole haemolysate or 
from supernatant preparations. 


Effect of lead 


Haem synthesis from radioactive glycine, studied 
as described by Dresel & Falk (1954), was almost 
totally inhibited by 10-‘m lead acetate (Table 4). 
At the same concentration haem and porphyrin 
formation from PBG was inhibited only slightly, 
if at all. In contrast to the results with PBG, 
10-4 lead acetate caused a very marked inhibition 
of porphyrin synthesis from ALA (Table 4). 
Uroporphyrin and coproporphyrin did not accumu- 
late at all, and protoporphyrin formation was 
reduced to 50%. This differential effect on the 
synthesis of the porphyrins is almost certainly due 
to the reduced accumulation of porphobilinogen 
(cf. the effect of substrate concentration on por- 
phyrin formation, Fig. 3), resulting from the in- 
hibition of ALA dehydrase. An inhibition of this 
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enzyme is not unexpected, since Gibson et al. 
(1954) have demonstrated its sensitivity to thiol 
reagents. It would seem probable, therefore, that 
one of the enzymic steps of haemopoiesis affected in 
lead poisoning is the conversion of ALA into PBG. 
A comparison of the extent of inhibition of haem 
synthesis from glycine and porphyrin synthesis 
from ALA by different concentrations of lead 
would, however, suggest that some early step, 
leading to the formation of ALA, is even more 
sensitive to the action of lead than ALA dehydrase 
itself. Thus with 10-5m lead acetate there was a 
50% inhibition of haem and porphyrin formation 
from glycine, but no significant inhibition of por- 
phyrin formation from ALA (Table 4). These 
findings are surprising in view of the excessive 
formation of porphyrins in lead intoxication, and 
possible causes of this will be discussed elsewhere. 


DISCUSSION 


The results given in this paper do not necessarily 
support the hypothesis that protoporphyrin forma- 
tion proceeds through uroporphyrin and copropor- 
phyrin. Evidence, obtained by isotope-dilution 
techniques and other methods, which throws 
doubt on this hypothesis, is presented in a later 
paper (Dresel & Falk, 19566; cf. also Dresel, 1955). 
* The relation between haem and porphyrin forma- 
tion in the haemolysate from the substrates ALA 
and PBG, and their formation from glycine, is 
interesting. The maximum amount of haem formed 
from glycine, without added iron, is of the same 
low order as that formed from ALA or PBG. While 
porphyrins are formed in greater quantity than 
haem from ALA and PBG, protoporphyrin is the 
only detectable porphyrin from glycine, and is 
formed in smaller amounts even than haem. Thus 
when much free protoporphyrin is present (when 
the substrate is ALA or PBG), haem formation is 
limited to about the same level as when relatively 
very little free protoporphyrin is present (when 
glycine is the substrate). The possibility that this is 
due to lack of iron has been discussed above. In 
these tissue preparations it is difficult to determine 
whether haem is formed by a mechanism similar to 
that occurring in vivo, or simply by a chemical 
artifact. 

Porphyrin formation proceeds more efficiently 
from ALA or PBG than from glycine, and this may 
well be due to relatively low activity in this system 
of the enzymes of the tricarboxylic acid cycle, 
which must be involved in the synthesis of ALA 
from glycine (Shemin & Wittenberg, 1951). That 
some cofactors are limiting seems clear, since 
boiled yeast juice caused a marked stimulation of 
haem formation (Dresel & Falk, 1954). This was not 
due to iron added with the yeast juice, because, 
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with glycine as substrate, added FeSO, alone 
caused no stimulation. The stimulation occurred 
apparently at a stage between glycine and PBG, 
since we have found that yeast juice causes no 
increase in porphyrin formation from PBG. 

The supernatant fractions possess only a small 
proportion of the original capacity for protopor- 
phyrin formation of the whole haemolysate, 
although uroporphyrin and coproporphyrin are 
freely formed. Shemin et al. (1954), using duck 
erythrocytes, found no difference in the amount of 
haem formed from ALA in haemolysed or homo- 
genized preparations, and they observed that 
supernatants from their homogenate contained 
almost the whole of this activity. Shemin et al. 
(1954) appear to have avoided the inactivation 
that we have found on homogenization of either 
chicken- or duck-erythrocyte haemolysates; un- 
fortunately the exact details of their method are 
not available. 

The factors required for the formation of proto- 
porphyrin can also be supplied to the haemolysate 
supernatant by a preparation of rat-liver mito- 
chondria (Dresel, 1955). Granick (1955) has found 
a similar effect on addition of liver mitochondria to 
supernatant preparations of Chlorella extracts; 
indeed, it appears that the free porphyrins formed 
from PBG in his systems are not dissimilar to 
those we find with chicken-haemolysate prepara- 
tions. 

The efficiency of the utilization of PBG for 
porphyrin formation is remarkable. In an experi- 
ment where PBG concentration was limiting 
(2-4 x 10-°m) and no PBG remained at the end of 
incubation, 90% was accounted for as protopor- 
phyrin and haem. The conversion was probably 
even higher, because we have repeatedly found that 
porphyrins cannot be recovered quantitatively 
after incubation with the haemolysate. In another 
experiment, where PBG concentration was not 
rate-limiting (see Results), some 67 % of the PBG 
was accounted for at the end as porphyrins or 
unchanged PBG. Like the porphyrin recoveries, 
PBG recoveries from tissue preparations are low, 
because of the fading of the colour of the Ehrlich- 
reagent complex. These low recoveries could 
account for at least 20% of the added PBG, and it 
seems that very little PBG can have been con- 
verted into products other than porphyrins. 

The substrate-affinity of the rate-limiting enzyme 
in the conversion of PBG into porphyrin must be 
remarkably high. Although we have not carried 
out detailed rate studies at very low substrate con- 
centrations, our data show that the maximum 
initial rate of formation of porphyrins from PBG is 
reached at less than 10-‘m. 

The complete equivalence of haem and _por- 
phyrin formation from ALA and PBG indicates 
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that ALA dehydrase was never rate-limiting under 
our conditions, with the exception of the experi- 
ments with lead, when it was inhibited. 


SUMMARY 


1. The quantitative and qualitative equivalence 
of haem and porphyrin formation from ALA and 
PBG in the fowl haemolysate preparation is 
demonstrated. ; 

2. At low substrate concentrations, only haem 
and protoporphyrin were formed, but, with higher 
substrate concentrations, porphyrins with more 
than two carboxyl side-chains also accumulated. 
The main porphyrins other than protoporphyrin 
were coproporphyrin III, uroporphyrin III and a 
new porphyrin which we have called pseudo- 
uroporphyrin. 

3. The conversion of ALA and PBG into por- 
phyrins was very efficient and approached 90%, 
under certain conditions. 

4. Haem synthesis was relatively inefficient in 
this preparation, but was much increased, with a 
corresponding decrease of free protoporphyrin, by 
the addition of 10-*m ferrous sulphate. 

5. Supernatant fractions obtained from the 
haemolysate after high-speed centrifuging con- 
verted ALA and PBG into ‘coproporphyrins’ and 
‘uroporphyrins’ only, no significant amounts of 
protoporphyrin or haem being observed. Some 
comparisons of these preparations with similar 
preparations from duck cells, and also with homo- 
genized preparations, are described. 

6. Addition of 10-4 lead acetate resulted in an 
almost total inhibition of haem synthesis from 
glycine, scarcely any inhibition of haem and por- 
phyrin formation from PBG, and a considerable 
inhibition of porphyrin formation from ALA. It 
is suggested that, if lead specifically inhibits haem 
synthesis in vivo, the step most sensitive to this 
reagent must be among the early steps leading to 
the synthesis of ALA. 


We have much pleasure in acknowledging the able 
technical assistance of Miss A. Benson, Miss B. C. Knight 
and Miss B. E. Tooth. 
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In the preceding papers of this series (Dresel & 
Falk, 1954, 1956a, 19566), the incubation with 
certain substrates of chicken erythrocytes or of 
preparations obtained by haemolysis has been 
shown to result in the formation of various por- 
phyrins. The substrates used have been glycine, 
$-aminolaevulic acid (ALA) or porphobilinogen 
(PBG). The constitution of these porphyrins was 
defined as closely as possible. Some _ paper- 
chromatographic techniques that have proved 
very useful for studies of uroporphyrin and copro- 
porphyrin are now described in detail. As well as 
making possible some definition of the isomeric 
types of the uroporphyrin and coproporphyrin 
formed, these methods have led to the recognition 
of a material which we have called pseudouropor- 
phyrin and which may have significance in the 
biosynthesis of protoporphyrin. The ‘protopor- 
phyrin’ formed has been studied by a variety of 
techniques, including countercurrent distribution. 
The instability of protoporphyrin in aqueous HCl 
under certain conditions is well known, and some 
aspects of the acid-catalysed hydration of its vinyl 
groups have also been investigated, with particular 
reference to methods for the hydrolysis of proto- 
porphyrin ester. 


EXPERIMENTAL 
Materials 


The samples of uroporphyrins I and III and copropor- 
phyrins I and III used for markers in the paper-chromato- 
graphic studies have been specified previously (Falk & 
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Benson, 1953). Coproporphyrins II and IV were synthetic 
materials from the collection of the late Professor Hans 
Fischer, kindly made available to us by Professor 8S. 
Goldschmidt. Three samples of synthetic uroporphyrins 
were kindly supplied by Dr S. F. MacDonald. Samples a 
and ¢ were uroporphyrins IT and IV respectively, prepared 
by rational syntheses (MacDonald & Michl, 1955); sample 6 
‘was uroporphyrin II, separated from a synthetic mixture of 
uroporphyrins (MacDonald, 1952). 

The 2:6-lutidine (Hopkin and Williams, London) was 
used as received. The purification of the other solvents has 
been described by Falk & Benson (1953). The CaCO, used 
for column chromatography was very kindly given to us by 
Professor C. J. Watson of Minnesota; we have not found 
a satisfactory sample in England. All other reagents were 
of A.R. grade. 


Methods 


The methods of extraction of the ‘uroporphyrin’, 
‘coproporphyrin’ and ‘protoporphyrin’ fractions from the 
tissue preparations have been described (Dresel & Falk, 
1956a). These materials were prepared for chromatography 
by the following method: The HCl solutions in which the 
‘copro’ and ‘uro’ fractions were determined spectrophoto- 
metrically, were evaporated to dryness in vacuo. The 
‘proto’ fraction was transferred from the HCl solution to 
ether, the ether solution was washed with water and 
evaporated to dryness in vacuo. All samples were then 
esterified by standing for 20hr. in HCl-methanol (ef. 
Rimington & Miles, 1951) or in 5% (v/v) H,SO,—methanol 
at 20°, except protoporphyrin samples, which were 
esterified at -10°. When uroporphyrin samples were 
esterified by standing in HCl-methanol for 20 hr. at — 10°, 
some material remained on and near the base line when the 
product was chromatographed by the method of Falk & 
Benson (1953). When, however, the esterification was 
carried out for 20 hr. at 20° in either HCl—methanol or 
H,SO,-methanol, little or no material remained near the 
base line. The slow-running material was apparently un- 
esterified porphyrin; esterification of the molecule was 
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incomplete at — 10°, but virtually complete at 20°. After 
esterification the esters were transferred to chloroform, 
the chloroform solution was washed twice with water, once 
with 2N-NH,OH, and three times with water and filtered 
through three filter papers folded together and moistened 
with chloroform; the filtrates were evaporated to dryness. 
Portions of these preparations of the porphyrin esters were 
hydrolysed, for chromatography by the ‘lutidine’ method 
(see below), by standing in 6-85n-HCl (25%, w/v) for 
42hr. at room temperature; the solutions were then 
evaporated to dryness at room temperature in vacuo over 
solid NaOH. 

Decarboxylations were carried out in vacuo, as described 
by Edmonson & Schwartz (1953). 

Paper chromatography. Chromatography of the por- 
phyrin esters by the ‘dioxan’ method was done as de- 
scribed by Falk & Benson (1953) for separation of uro- 
porphyrins I and III. 

The ‘lutidine’ method is a modification of the method 
of Eriksen (1953), which employs a 2:6-lutidine-water 
mixture. The porphyrins were spotted on Whatman no. 1 
paper, and descending chromatograms were allowed to run 
overnight at 22°. The moving phase was 2:6-lutidine—-water 
(5:3-5, v/v), and separate beakers of 2:6-lutidine, 7N- 
NH,OH and water were placed in the bottom of the tank. 
These were renewed daily; the volumes necessary for 
particular tanks had to be found by trial and error. For 
analysis of coproporphyrin-isomer mixtures, about 0-5— 
1-0 ug. of porphyrin, and for other purposes about 3 yg. of 
porphyrin, was applied at each spot on the paper. Reliance 
was not placed on R, values, but on the correspondence of 
experimental spots with those given by markers; the 
analysis was always repeated at least once. 

Column chromatography on CaCO,. Columns were 
packed by tamping down small portions of dry CaCO, at 
a time; slight suction was maintained without change of 
pressure during the rest of the procedure. After 5 min. of 
such suction, benzene-chloroform (10:1, v/v) was run 
slowly and carefully on the top of the column until it was 
wet throughout and there was a slight head of liquid. By 
this method air-pockets and cracks in the column were 
largely avoided. The ‘uroporphyrin’ ester was then applied 
to the column in a small volume of the same solvent 
mixture, which was also used for the development. When 
development was complete, the column was dried by in- 
creasing the suction; after extrusion the separated bands 
were eluted with chloroform. Uroporphyrins I and III are 
not weil separated on these columns, whereas ‘pseudo- 
uroporphyrin’ (see below) moves faster and is well separ- 
ated from uroporphyrins I and III. As shown by Grinstein, 
Schwartz & Watson (1945), these columns are also useful 
for other separations; thus uroporphyrin I, coproporphyrin 
I and protoporphyrin separated very well from each other 
under the above conditions. 

Countercurrent distribution. An all-glass apparatus con- 
taining twenty tubes, each with a lower-layer capacity of 
10 ml., was used. The phases used were the two layers from 
bulk equilibration of ether and HCl of suitable normality. 
It was convenient to dissolve the porphyrin in 0-2 ml. of 
dioxan before making the volume up to 10 ml. with the 
aqueous phase. This had no effect on the partition co- 
eflicient, K, of protoporphyrin, and made it possible to 
work with much more concentrated solutions than could be 
obtained with the aqueous phase alone. Acetone has been 
used in a simiiar manner by Granick & Bogorad (1953). 
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This procedure has the added advantage of avoiding the use 
of more concentrated HCl to solubilize the porphyrin; 
when the porphyrin being handled is protoporphyrin this 
is important, because of its instability in aqueous acid (see 
below). After completion of the distribution, the amount 
of porphyrin in each tube was determined spectrophoto- 
metrically. 

Free protoporphyrin as reference material for these 
studies was obtained as follows. Protoporphyrin dimethyl 
ester was prepared from blood by the method of Grinstein 
(1947), was recrystallized twice, and was hydrolysed by 
standing at room temperature in 6-85N-HCl for 42 hr. The 
resulting free porphyrin was fractionated by countercurrent 
distribution, using ether-0-3N-HCl; the free protopor- 
phyrin occupied a concentration band centred in tube 12 of 
the apparatus. A considerable amount of material of much 
lower K value, which remained in the first few tubes, was 
discarded. Some material having a much higher K value 
than protoporphyrin was found in the last few tubes; this 
had a strong absorption band at about 670 my., and it was 
also discarded. The material occupying the main band at 
tube 12 was refractionated twice in the same way, when it 
occupied a symmetrical band centred between tubes 12 and 
13, and was the sole porphyrin component detectable by 
spectrophotometry or by fluorescence in ultraviolet light. 
It was transferred into ether and the ether solution was 
evaporated to dryness. The absence of extra components 
after the third fractionation showed that no alteration of 
the protoporphyrin occurred under the conditions used for 
the countercurrent distribution. Even in the dry state, at 
about 20° and in the dark, this purified protoporphyrin 
slowly changed. After 2 months a considerable amount of 
material of low K value was again present. On such 
fractionation with ether-0-3N-HCl we have consistently 
found protoporphyrin to occupy a band centred at tubes 
12 and 13. 

Reference protoporphyrin ester was prepared similarly 
by repeated countercurrent distribution of the recrystal- 
lized dimethyl ester. After several fractionations with 
ether-1-0N-HCl, some material of low K value being 
eliminated, the ester occupied a single symmetrical con- 
centration band centred in tube 11. The absence of other 
components showed that these conditions of fractionation 
did not cause hydrolysis or other change in the ester. 

It was also found that when free protoporphyrin, purified 
as above, was esterified by standing for 18 hr. at — 10° in 
methanol containing 5% (v/v) H,SO,, no material other 
than protoporphyrin ester was revealed by countercurrent 
distribution. 


RESULTS 


Chromatographic separation and identification 
of coproporphyrin isomers 


Authentic coproporphyrins. As reported briefly 
elsewhere (Falk, 1954a, 1955), the ‘lutidine’ 
method described above is very sensitive for the 
detection of the coproporphyrin isomers I and III 
in mixtures. It is possible to identify with cer- 
tainty isomers I and II, the third spot from a 
mixture of all four corresponding to isomer III or 
isomer IV or both. No micro-method yet available 
separates either coproporphyrins III and IV or 
uroporphyrins IIT and IV. 
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Porphyrins, in general, separate on the present 
‘lutidine’ chromatograms according to the number 
of carboxylic side chains present. The straight-line 
relationship between Rk, and the number of 
carboxyl groups, described for the older method 
(Nicholas & Rimington, 1949), cannot, however, be 
used with this method, since the reference curve 
varies with the coproporphyrin isomer used as 
marker. This makes the interpretation of ‘inter- 
mediate’ spots more difficult (cf. Falk, 1954a). In 
the present work, although ‘intermediate’ spots 
are stated possibly to correspond to hepta-, hexa-, 
penta- or tri-carboxylic porphyrins, these are to be 
taken as tentative, rather than definitive, terms. 
Photographs of the various types of chromatogram 
described below have been published elsewhere 
(Falk, 1955). 

‘Coproporphyrin’ fractions from incubation mix- 
tures. In a sample of the total ‘coproporphyrin’ 
fraction from incubation of PBG or ALA with the 
chicken-erythrocyte haemolysate (Dresel & Falk, 
1956a), only the component moving to the same 
position as the coproporphyrin III marker was 
present in sufficient quantity to show up in a 
fluorescence photograph. Spots relatively much 
less intense were visible to the eye under ultra- 
violet light. These trace spots corresponded to uro- 
porphyrin-like materials and to ‘hepta-’, “hexa-’ 
and ‘penta-carboxylic’ porphyrins; the last was the 
most prominent among these minor components. 
A small ‘tricarboxylic’ spot was sometimes found 
in this fraction as well as in the protoporphyrin 
fraction (see below). This mixture was fractionated 
several times on columns of Al,O, (grade V, cf. 
Nicholas, 1951). Taper chromatography of the 
main fraction from the columns revealed copro- 
porphyrin III (or IV) only. In some fractions from 
the columns there were indications of contamina- 
tion of the coproporphyrin III with very small 
amounts of coproporphyrin I, but we were not able 
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to isolate this material, or even to confirm its 
presence satisfactorily. Paper chromatography of 
the main fraction by the method of Chu, Green & 
Chu (1951) also revealed only coproporphyrin III; 
their method is, however, less sensitive than the 
new lutidine method (ef. Falk, 1955). From our 
experience with the latter it is certain that, if 
coproporphyrin I were present, it amounted to no 
more than 5 % of the total. 


Separation and identification of 
uroporphyrin isomers 

Synthetic uroporphyrins. The behaviour of 
synthetic uroporphyrins II and IV has been 
examined on the paper chromatograms previously 
found suitable for separation of the isomers I and 
IIT (the ‘dioxan’ method of Falk & Benson, 1953). 
Tested as octamethyl esters (Table 1) uropor- 
phyrin II behaved like uroporphyrin I, and uro- 
porphyrin IV like uroporphyrin III; thus, this 
method can distinguish only between the two pairs 
of isomers. This same separation into pairs of iso- 
mers was found, as reported by Falk (1954a) when 
all four coproporphyrin tetramethyl esters were 
run by the method of Chu e¢ al. (1951). 

Since uroporphyrins are easily decarboxylated in 
the laboratory to coproporphyrins, the ‘lutidine’ 
method can be used to check the proportions of 


“uroporphyrins I and III (or IV) found by the 


‘dioxan’ method, and also to distinguish any uro- 
porphyrin II, if present. Comparisons of analyses 
of ‘uroporphyrins’ from a number of sources, and 
the coproporphyrins obtained by their decarboxyla- 
tion, are shown in Table 1. There is complete 
agreement between the two methods. The results of 
Table 1 also indicate identical behaviour of the 
coproporphyrins from decarboxylation of Mac- 
Donald’s synthetic uroporphyrins IT and IV, and of 
the synthetic coproporphyrins II and IV from 
Fischer’s collection, which were used as markers. 





Table 1. Behaviour of some ‘uroporphyrins’ (Uro) on paper chromatograms before and after decarboxylation 


The +signs have semi-quantitative significance. 


Before decarboxylation 


After decarboxylation 


By ‘dioxan’ chromatography By ‘lutidine’ chromatography 
‘ a @M——_ 
Uro I Uro Til Copro Ill 
Sample or Il or IV pseudoUro Copro I or IV Copro II 
Uro I marker +++ d Trace ++ + Trace 
Uro III marker ‘ +++ ; ran 
Uro I: Uro III ie 
1:9 + +++ Trace + 2 
Et +++ +++ Trace +++ +++ 
9:1 +++ + Trace ake ok + 
‘Uro’ fraction, from incubation of ; +++ +++ ? Trace ake ke 
PBG with haemolysate ; - 
MacDonald samples a and 6* +++ Trace 2 Trace 3 4 ee 
+++ Trace res 


MacDonald sample c* : . 
* Samples a and b were synthetic uroporphyrin IT and sample c was synthetic uroporphyrin IV (see materials). 
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‘Uroporphyrin’ fractions from incubation mix- 
tures. It is characteristic of ‘uroporphyrins’ that 
they often give a double spot on paper chromato- 


grams developed with lutidine-water mixtures; 


this double spot has been thought to be a ‘paper 


artifact’ (cf. Nicholas & Comfort, 1949). The faster- 
running part of the double spot is, in most uropor- 
phyrin samples, very much fainter than the slower- 
running component, but in the uroporphyrin 
fraction from incubation of ALA or PBG with the 
chicken-erythrocyte haemolysate (cf. Dresel & 
Falk, 19566), or from incubation of ALA with 
intact chicken erythrocytes (Dresel & Falk, 1956a), 
the amount of the faster component was approxi- 
mately the same as that of the slower one. We 
have called the slower and faster spots L8 and L8a 
respectively, to suggest their approximation to the 
‘octacarboxylic porphyrin’ position on ‘lutidine’ 
chromatograms. Those samples that, according to 
‘lutidine’ chromatograms, had relatively large pro- 
portions of L8a, also separated on the ‘dioxan’ 
chromatograms into approximately equal amounts 
of uroporphyrin ITI and a faster-running porphyrin. 
It was found that such mixtures could be resolved 
on CaCO, columns into two components: one 
component ran now on ‘lutidine’ chromatograms 
as spot L8 only, and on ‘dioxan’ chromatograms 
as uroporphyrin III only; the other component 
on ‘lutidine’ chromatograms was L8a only, and 
‘dioxan’ chromatograms revealed only the spot 
faster than uroporphyrin IIT. The faster-running 
material had visual-absorption characteristics very 
like those of a uroporphyrin: maxima in CHCl, 
(Beck—Hartridge reversion spectroscope) were: I, 
625: II, 570; III, 534; IV, 497-5. 

In a preliminary publication (Falk, 1955) we 
called this material, which runs faster than uropor- 
phyrin III on both types of chromatogram, 
‘above uro III’. Because it is now known that it is 
not a uroporphyrin, and because of its similarity in 
solubility properties during extraction procedures, 
its spectroscopic similarity and its chromato- 


Table 2. 


UI 
approximately equal to and > =much greater than. 


Sample 


Uroporphyrin I marker Before CaCO, 


Uroporphyrin III marker Before CaCO, 


‘Uroporphyrin’ from incubation of Before CaCO, 


PBG with haemolysate 
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Fractions 


After CaCO,, fraction (1) 
After CaCO,, fraction (2) 


After CaCO,, fraction (1) 
After CaCO,, fraction (2) 


After CaCO,, fraction (1) 
After CaCO,, fraction (2) 
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graphic proximity to a uroporphyrin, we now call it 
pseudouroporphyrin. The relatively smaller amounts 
of spot L8a seen in uroporphyrin samples from 
some other sources can also be separated from the 
main uroporphyrin present by CaCO, columns. As 
shown in Table 2, the slower-running component 
(L8) may be either uroporphyrin I or III. 

Countercurrent distribution of ‘uroporphyrins’. 
cycloHexanone is a useful solvent for the extraction 
of ‘uroporphyrins’ from aqueous media (Dresel & 
Falk, 1956a). cycloHexanone—aqueous HCl systems 
can therefore conveniently be used for the counter- 
current distribution of such porphyrins, K being of 
the order of 1 when the aqueous phase consists of 
0-628N-HCl. In our 20-tube apparatus, uropor- 
phyrins I and III, and pseudouroporphyrin were, 
however, not satisfactorily separated from each 
other. 


‘Protoporphyrin’ fraction from incubation 
miatures 

On ‘lutidine’ chromatograms, these fractions 
always showed a main spot moving like the proto- 
porphyrin marker, but they also sometimes con- 
tained traces of material moving to about the 
position expected of a ‘tricarboxylic’ porphyrin. 
This method is not specific for protoporphyrin, 
other dicarboxylic porphyrins moving similarly; 
confirmatory evidence was therefore sought from 
other methods. 

‘Protoporphyrin’ fractions obtained after incu- 
bation of glycine with whole chicken blood 
(Dresel & Falk, 1956a) and of PBG with the haemo- 
lysate (Dresel & Falk, 19566) and of uroporphyrin 
III with the haemolysate (Dresel, 1955), have been 
examined by countercurrent distribution. For 
these studies the free porphyrin was transferred to 
ether, and the ether solution was taken to dryness 
as described; the residue was used without further 
treatment. On countercurrent distribution, a 
small proportion of the material remained in the 
first few tubes (cf. Fig. 1). This material of lower 


Separation of uroporphyrins I and III from pseudouroporphyrin on CaCO, columns 


Uroporphyrin I; UIII1=uroporphyrin III; uro =pseudouroporphyrin; L8 and L8a are described in text; 


Paper chromatograms 
Sea 


; = 
* Dioxan’ 


*Lutidine’ 

L8>L8a UIl> YWuro 
L8a Yuro 

L8, trace L8a UI, trace ‘furo 
L8, trace L8a UIII 

L8a Y uro 

L8, trace L8a UIII 

L8=L8a UIM=Y¥ uro 
L8a Yuro 

L8 UIII 
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K probably arose from protoporphyrin during the 
extraction. As mentioned above (Methods) material 
of low K arises during storage of free protopor- 
phyrin in the dry state. Similar material was found 
to arise also when pure, free protoporphyrin was 
subjected to the procedure used for extraction and 
determination of this porphyrin after incubation 
experiments (Dresel & Falk, 1956a). 

The centre of the main concentration band 
varied between tubes 11 and 12 in different pre- 
parations. It was sometimes possible to detect 
asymmetry in the band, the tendency being for the 
left-hand side of the curve (earlier tubes) to be 
raised (Fig. 1). This was particularly noticeable in 
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Amount of porphyrin 





2 4 6 8 10 12 14 16 18 20 
Tube no. 
Fig. 1. Countercurrent distribution of various ‘proto- 
porphyrins’. ‘Protoporphyrin’ from incubation of 


whole blood with glycine (A); of incubation of haemo- 
lysate with PBG (@); and of incubation of haemolysate 
with uroporphyrin III (QO); reference material ( x ). 
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the samples obtained after incubation of whole 
blood with glycine. This might possibly have been 
due to small amounts of ‘tricarboxylic’ porphyrin 
with two vinyl groups; in the absence of such 
groups, the compound should have a much lower 
K value than protoporphyrin. It is unlikely that 
the hump was due to monohydroxyethylmonovinyl 
deuteroporphyrin (cf. Granick, Bogorad & Jaffe, 
1953). From the data of Granick et al. (1953) it may 
be calculated that for this porphyrin K (0-3N-HCl) 
is of the order of 0-015, so that it should certainly 
lie in the first few tubes together with the di- 
hydroxyethyl compound (haematoporphyrin), for 
which K (0-3N-HCl) is of the order of 0-06. What- 
ever the cause of this slight distortion of the concen- 
tration curve, in all cases the majority of the 
material, at least, was behaving similarly to the 
reference protoporphyrin. No micro-method is yet 
available for isomer-analysis of protoporphyrin, 
and we cannot therefore state definitely that the 
biosynthetic samples were protoporphyrin IX. 

Spectrophotometric measurements were made 
on the aqueous layer of the tube representing the 
centre of the main porphyrin band (tube 12); in 
this solvent (0-3N-HCl saturated with ether) the 
Soret maximum was at 406 mu. in the experimental 
samples referred to above as well as in the reference 
material, and the shapes of the curves around this 
maximum were identical. With one sample, solu- 
tions were made of the porphyrin in 1-37N-, 
2-74N- and 4-1N-HCI; the positions of the Soret 
maxima in these solutions were 408, 409 and 
410 mp. respectively; identical positions were 
found with the reference material under the same 
conditions (cf. also Grinstein & Wintrobe, 1948). 

In Table 3, the positions and ratios of intensity of 
the visual absorption bands of the experimental 
and reference ‘protoporphyrins’ are compared in 
dioxan solution. 


Action of aqueous acids on protoporphyrin ester 


Under conditions commonly used for the hydro- 
lysis of protoporphyrin ester, some hydration of the 
vinyl side chains might be expected to occur. By 


Visual absorption spectra of protoporphyrin sam ples from various sources 


Positions of maxima (my.) and ratio of intensities (in parentheses) of the visual absorption bands of various samples of 
protoporphyrin in dioxan, the intensity of band IV being taken as 1-0. 


IV 
Protoporphyrin* 504 (1-0) 
Protoporphyrin methyl ester* 503 (1-0) 
‘Reference sample’ (3 x purified) 504 (1-0) 
Product of incubation of glycine with 504 (1-0) 


whole chicken blood (2 x purified) 
Protoporphyrin from incubation of PBG 
with haemolysate (2 x purifiedf) 


* Stern & Wenderlein (1934). 


504 (1-0) 


Il Il I 
538 (0-728) 576 (0-436) 631 (0-352) 
537 (0-790) 575 (0-463) 630 (0-381) 
537 (0-798) 575 (0-483) 329-5 (0-394) 
538 (0-840) 575 (0-544) 630 (0-389) 


538 (0-829) 576 (0-553) 630-5 (0-383) 


+ Sample purified by countercurrent distribution. 














choosing a suitable concentration of HCl, analysis 
could be carried out by countercurrent distribution 
for unchanged ester, free porphyrin and ‘hydration 
products’ simultaneously. 

After purification by countercurrent distribution 
as described above (Methods), protoporphyrin 
ester was transferred to ether and after washing 
with water the ether solution was evaporated to 
dryness. Portions of the ester were then dissolved 
in 2-5ml. of aqueous HCl of different concentra- 
tions and, after standing at room temperature for 
42 hr., the solutions were evaporated to dryness in 
vacuo, over solid NaOH, at room temperature. The 
evaporation required about 2 hr. These conditions 
were chosen because they are those conventionally 
used in this laboratory for the hydrolysis of proto- 
porphyrin ester. In a control experiment, instead 
of evaporating to dryness directly after standing 
for 4hr. in 2-74N-HCl, the porphyrin was trans- 
ferred to ether and the ether solution was evapor- 
ated to dryness in vacuo; analysis of the porphyrin 
showed the same proportions of each component 
(see below) as when the evaporation technique 
was used. The results of the analysis, by counter- 
current distribution, of a series of samples treated 
with increasing concentrations of HCl are shown in 
Fig. 2. 

In the sample (Fig. 2) treated with 0-274N-HCl 
for 42 hr. most of the ester remained unchanged; 
at the next higher concentration (1-37N-HCl) 
tested, and at every concentration higher than this, 
hydrolysis was complete, but significant ‘hydration’ 
also occurred as shown by the appearance of por- 
phyrins of low K value. For routine hydrolysis, the 
lowest concentration of HCl in which dry proto- 
porphyrin ester can conveniently be dissolved at 
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Fig. 2. Action of HCl and HCIO, on protoporphyrin ester. 
O, ‘Hydration product’ after treatment of pure proto- 
porphyrin with different concentrations of HCl for 
42 hr. at about 20°; @, protoporphyrin ester remaining 
after this treatment; x, and (a separate experiment 
at slightly lower temperature), ‘hydration product’ 

found after similar treatment with HCIO,. 
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room temperature is about 3N. It seemed possible 
that treatment with acid of this concentration for 
shorter times might allow hydrolysis of the ester 
with less formation of ‘hydration products’. When, 
however, the ester was treated with 2-74N-HCl for 
only 2hr., some 20% of the ester remained un- 
changed, but about as much (16% of the total) 
hydration product was present as was found after 
42 hr. (15%, Fig. 2). Since it was clear that there 
would be no advantage in hydrolysing for short 
times, the critical time for hydrolysis as such was 
not studied. Complete hydrolysis without the 
formation of by-products was thus not possible. It 
appeared that the best compromise might be to 
treat the ester for 42 hr. with 2:74N-HCl, and then 
to remove porphyrins of low HCl number by ether— 
HCl fractionation in bulk. It was found that 
0-1N-HCl was too weak to remove all such pro- 
ducts, but that after exhaustive extraction with 
0-274N-HCI all the material remaining in the ether 
layer behaved like pure protoporphyrin on counter- 
current distribution; by-products were, however, 
formed on storage of such material (see Methods). 

It was also of some interest to test whether 
any reversal of the hydration process occurred 
under these conditions, since Schumm (1927) has 
claimed that on refluxing in 6-5N-HCl both haem- 
atoporphyrin and protoporphyrin are converted 
into an equilibrium mixture of the two _ por- 
phyrins. Haematoporphyrin was allowed to stand 
for 42 hr. in 4-8N- and in 8-2N-HCl. Analysis of the 
products revealed no component other than 
haematoporphyrin in either case, though (Fig. 2) 
protoporphyrin under these two conditions yielded 
20 and 57% respectively of ‘hydration product’. 
As shown in Fig. 2, the formation of ‘hydration 
products’ increased steadily with concentration of 
acid up to about 3N-HCl, remained steady to about 
6N-HCl, and increased steadily again at higher 
concentrations. 

Treatment with perchloric acid resulted in 
complete hydrolysis of the ester at every concen- 
tration tested; ‘hydration products’ were formed 
(Fig. 2), but no plateau appeared in the concen- 
tration curve; these findings are discussed below. 


DISCUSSION 
pseudo Uroporphyrin 


Material behaving on paper chromatograms simi- 
larly to pseudouroporphyrin has been observed in 
this Laboratory in porphyrin samples derived from 
the urine of patients with various forms of por- 
phyria. It was present in relatively small propor- 
tions in most samples studied, including specimens 
from typical ‘acute’ and ‘congenital’ porphyric 
patients; most of these samples had been crystal- 
lized as methyl esters, and it is not certain what 
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proportion of the pseudouroporphyrin may have 
been lost in the mother liquors. Relatively large 
amounts of a porphyrin (methyl ester m.p. 211- 
216°) were found in the urines of a series of 
‘cutaneous’ porphyrias by Canivet & Rimington 
(1953). We have examined some of this material 
kindly sent to us by Dr Canivet, and have found it 
to behave, on both types of paper chromatogram, 
like the pseudouroporphyrin from our tissue incu- 
bations. After decarboxylation of this material 
and of pseudouroporphyrin, only coproporphyrin 
III (or IV) was found by ‘lutidine’ chromatography. 
Watson and collaborators have isolated a 
material (methyl ester m.p. 208°) from the urine of 
certain cases of ‘acute’ porphyria, and have found 
this to be a heptacarboxylic porphyrin (Grinstein 
et al. 1945; Watson, Schwartz & Hawkinson, 1945). 
The behaviour of this porphyrin on paper chro- 
matograms is quite different from that of pseudo- 
uroporphyrin, and thus also from Canivet’s 
material (cf. Falk & Benson, 1954), although we 
find that this material also yields only copropor- 
phyrin III (or IV) on decarboxylation. 
pseudoUroporphyrin cannot be one of the uro- 
porphyrin isomers I, U, III or IV, none of which 
runs faster than uroporphyrin III on the ‘dioxan’ 
chromatograms. This porphyrin appears to arise 
in significant quantity in vitro only during the 
enzymic conversion of porphyrin precursors into 
porphyrins (cf. Dresel & Falk, 1956a). The traces of 
material behaving similarly in some of the syn- 
thetic uroporphyrins of MacDonald & Michl (1955) 
(cf. Table 1) may or may not be the same substance. 


Action of aqueous acids on protoporphyrin ester 


The analysis for the hydration products formed 
in acid includes all materials of K value very low 
compared with that of protoporphyrin. The method 
does not distinguish between the mono- and di- 
hydrated products of free protoporphyrin and the 
K values of hydration products of the ester are 
unknown. It is possible that the latter might lie 
close to free protoporphyrin, but, unless they are 
in fact almost the same, the symmetry of the 
free protoporphyrin concentration band in our 
countercurrent distributions makes their presence 
unlikely. 

The plateau in the HCl-concentration curve, 
between about 3N- and 6N-HCI, suggests that the 
hydration of the second vinyl group of protopor- 
phyrin requires a much higher HCl concentration 
than that of the first, though this is difficult to 
explain. It is also possible that hydrochlorination 
of the vinyl groups occurs at the higher HCl con- 
centrations; the resulting dichloroethylporphyrin 
might be expected to have, like the dihydroxyethyl 
product (haematoporphyrin), a K value much 
lower than that of protoporphyrin. The absence of 
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any plateau in the concentration curve with per- 
chloric acid suggests that there was, in fact, 
chloride-ion attack on the molecule with the higher 
concentrations of HCl. There could perhaps have 
been either direct addition of hydrogen chloride to 
the vinyl groups or esterification by chloride of 
secondary alcoholic groups arising from their 
hydration. With perchloric acid only the hydration 
should occur and apparently did so. 

No method for the hydrolysis of protoporphyrin 
ester without the formation of by-products is yet 
available, but it is clear that the conventional 
hydrolysis with 6-85N-HCl leads to some 40% of 
‘hydration products’. As a compromise, we have 
suggested a method in which 2-74N-HCl is used for 
the hydrolysis, and the impurities are removed by 
ether—HCl fractionation in bulk. Alkaline hydro- 
lysis was not considered because protoporphyrin 
ester is insoluble in cold aqueous alkali and un- 
stable to heating in alkali. It has been shown above 
that material of low K value arises from free proto- 
porphyrin both during extraction of this from 
tissue preparations and during storage in the dry 
state. We have not identified this material as 
haematoporphyrin with certainty, but the presence 
of the artifact made it impossible to determine 
whether any haematoporphyrin was formed 
enzymically in our experiments. If any were 


* formed, it could only have been present in very 


small amounts. 
SUMMARY 


1. The constitution of a number of porphyrin 
fractions obtained in in vitro experiments with 
chicken red-cell preparations has been studied. 

2. An improved paper-chromatographic method, 
which allows distinction between coproporphyrin 
isomers I, II and (III and IV) is described; use of 
this method reveals that, in the ‘coproporphyrin’ 
fraction, coproporphyrin IIT (or IV) preponder- 
ates, but is accompanied by relatively very small 
amounts of materials which may be hepta-, hexa-, 
penta- and tri-carboxylic porphyrins; possibly a 
trace of coproporphyrin I is also present. 

3. By paper chromatography, it was also found 
that the ‘uroporphyrin’ fraction consisted, in some 
instances, of about equal amounts of uroporphyrin 
III (or IV) and a material which has been called 
pseudouroporphyrin. This porphyrin resembles in 
some of its properties a uroporphyrin, but it is not 
one of the isomers I, II, III or IV; it is suggested 
that it may be of significance in the biosynthesis of 
protoporphyrin. 

4. The ‘protoporphyrin’ fraction 
contained traces of a ‘tricarboxylic’ porphyrin, but 
by all available criteria, including countercurrent 
distribution, it appears to consist mainly of proto- 
porphyrin. 


sometimes 
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5. The countercurrent-distribution technique 
has also been used for studies of the action of 
aqueous HCl on protoporphyrin and its methyl 
ester. 
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Carbohydrate Metabolism in Citric Acid Fermentation 
4. PURIFICATION AND PROPERTIES OF ALDOLASE FROM ASPERGILLUS NIGER* 
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Meyerhof & Lohmann (1934) discovered and in- 
vestigated in detail the enzyme aldolase which 
catalyses the reaction 
Fructose 1:6-diphosphate = p-glyceraldehyde 
3-phosphate + dihydroxyacetone phosphate. 
Aldolase from rabbit muscle was purified by 
Herbert, Gordon, Subrahmanyan & Green (1940). 
The enzyme from rat muscle was later crystallized 
by Warburg. & Christian (1943), and from rabbit 
muscle by Taylor, Green & Cori (1948). Warburg & 
Christian (1943) partially purified yeast aldolase 
and discovered that it required heavy metals for its 
activity. The enzyme was found to be inhibited 
by metal-binding agents, such as cysteine, pyro- 
phosphate and o-phenanthroline, and reactivated 
by Zn?+, Fe?+ or Co?+. Muscle aldolase did not 
require or contain these metals and was not in- 
hibited by any of the metal-binding agents. Sub- 
sequent studies of the enzyme with preparations of 


* Part 3: Damodaran, Jagannathan & Singh (1956). 


low purity from different tissues have shown the 
existence of both types of aldolase. The activation 
of aldolase from Escherichia coli by Mn?*+ (Knox, 
Stumpf, Green & Auerbach, 1948) and the require- 
ment of Clostridium perfringens aldolase for Fe?*+ or 
Co*?+ (Bard & Gunsalus, 1950) have been reported. 
Partially purified pea aldolase was, however, un- 
affected by heavy metals or metal-binding agents 
(Stumpf, 1948). 

During a study of the glycolytic enzymes of 
Aspergiiius niger it was observed that the aldolase 
in crude extracts of the mould mycelium was com- 
pletely inhibited by the metal-chelating agent 
ethylenediaminetetraacetic acid, and was reacti- 
vated by Zn?+ (Jagannathan & Singh, 1954). The 
aldolases of other moulds which were investigated 
(Aspergillus oryzae, Aspergillus wentii) also re- 
sembled yeast aldolase and differed from muscle 
aldolase in their metal requirement. Since the 
metal-requiring aldolases had been studied mostly 
in crude form, the isolation of the enzyme from 
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A. niger in the pure state and the study of its pro- 
perties were undertaken. Yeast aldolase has 
recently been crystallized as the mercury salt 
(Warburg & Gawehn, 1954). 

The present paper deals with the purification and 
properties of A. niger aldolase. The purified enzyme 
was electrophoretically homogeneous and _ its 
specific activity was equal to that of crystalline 
muscle or yeast aldolase. It was inhibited by 
metal-binding agents and was reactivated by 
bivalent ions of Zn, Mn, Fe or Co. 


MATERIALS AND METHODS 


Materials. The following substances were commercial 
preparations: diphosphopyridine nucleotide (DPN) 85% 
pure, reduced glutathione (GSH), fructose 1:6-diphosphate 
(FDP), glucose 6-phosphate and fructose 6-phosphate from 
Schwartz Laboratories, protamine sulphate from L. Light 
and Co., Colnbrook, Bucks, disodium ethylenediamine- 
tetraacetic acid (EDTA) from Bersworth Chemical Co. and 
aminotrishydroxymethylmethane (tris) from Sigma Chem- 
ical Co.; FDP was further purified according to Neuberg, 
Lustig & Rothenberg (1943). The barium salt of B-di- 
acetonefructose 1-phosphate was converted into free fructose 
1-phosphoric acid according to Leuthardt & Testa (1951). 
Dihydroxyacetone phosphate was prepared from FDP, 
using dialysed rabbit-muscle extract (Meyerhof & Lohmann, 
1934), and was free from glyceraldehyde 3-phosphate. 
Calcium phosphate gel (Keilin & Hartree, 1951) was aged, 
for 6 months or longer before use. Crystalline glyceralde- 
hyde phosphate dehydrogenase (Cori, Slein & Cori, 1948) 
and aldolase (Taylor et al. 1948) were prepared from rabbit 
muscle and recrystallized till they were free from «-glycero- 
phosphate dehydrogenase and triose phosphate isomerase. 
Triose phosphate isomerase was purified according to 
Meyerhof & Beck (1944) and was free from aldolase and 
a-glycerophosphate dehydrogenase. Glass-distilled water 
was used for all experiments. 

A. niger mycelium. Spores of the high citric acid yielding 
strain of A. niger used in previous studies (Damodaran & 
Rangachari, 1951; Jagannathan & Singh, 1953) were 
obtained from 7-day-old cultures on potato—dextrose— 
agar slants. The culture medium (1 1.) contained 120 g. of 
glucose (Dextrosol); 2 g. each of (NH,),SO,, NH,NO, and 
KH,PO,; 0-5 g. of MgSO,,7H,O; 10 mg. of ZnSO,,7H,0; 
0-5 mg. of MnSO,,4H,0; 0-5 mg. of FeSO,,7H,O and 8 ml. 
of 2n-HCI (final pH 1-8). It was sterilized by steaming for 
1 hr. The dry spores were transferred by gentle tapping to 
41. Pyrex Haffkine culture flasks, each containing 11. of 
medium and incubated in still culture at 28° for 7 days. The 
mycelium which was free from spores was filtered through 
cheese-cloth and squeezed to remove as much of the 
adhering liquid as possible. It was then washed four to 
five times with ice water till the pH of the filtrate was about 
5 or higher. The mycelium was stored for 3-4 weeks at 
-18° before use. The average yield of mycelium from 
twenty flasks was about 1-6 kg. (fresh weight). 

Analytical methods. Tnorganic phosphate was estimated 
by the method of Fiske & Subbarow (1925) as modified by 
Lohmann & Jendrassik (1926), iron by the dipyridyl 
method, zine by the dithizone method and manganese by 
oxidation to permanganate (Sandell, 1950). FDP was 
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estimated spectrophotometrically by measuring the total 
DPN reduced in the presence of crystalline muscle aldolase, 
triose phosphate dehydrogenase and triose phosphate 
isomerase in the test system described in the text (EDTA 
and Zn*+ omitted); lmole of FDP was equivalent to 
2 moles of reduced DPN under these conditions. Protein 
was determined by the optical method of Warburg & 
Christian (1941). The following empirical equation was used 
to correct for light absorption due to nucleic acid, the light 
path being 1 cm.: 
4[2-3 x (optical density at 280 my.) — (optical 

density at 260 mu.)]=mg. of protein/ml. of solution. 


This equation was found to be in good agreement with the 
dry weight of dialysed purified enzyme samples and with 
their protein content calculated from total nitrogen (micro- 
Kjeldahl) and total carbon (micro-combustion) on the 
assumption that the protein contained N, 16%, andC, 53%. 

Measurement of pH was made with the glass electrode 
and optical measurements were carried out in a Beckman 
Quartz Spectrophotometer (Model DU, lem. cuvettes) 
with an arrangement to maintain the temperature within 
+1°. The effect of inhibitors on aldolase under anaerobic 
conditions was studied in cuvettes similar to Thunberg 
tubes, which were alternately evacuated and filled with 
hydrogen thrice. Centrifugings were carried out in an 
International Refrigerated Centrifuge (Model PR-1) and 
electrophoresis experiments in a Tiselius Electrophoresis 
Apparatus (Model 38, Perkin Elmer Corporation) with a 
Longsworth scanning device. 

Aldolase assay. Aldolase activity was determined by the 
optical method of Warburg & Christian (1943). The test 
system was essentially the same as in their method except 
that Zn?+ and EDTA were added to it and muscle glycer- 
aldehyde phosphate dehydrogenase was used instead of the 
enzyme from yeast. The solution contained 0-9 umole of 
DPN, 60 moles of cysteine, 50 umoles of sodium arsenate, 
100pmoles of tris, 200ug. of crystalline glyceraldehyde 
phosphate dehydrogenase, 0-54umole of EDTA, A. niger 
aldolase, 0-8 pmole of zine sulphate and 50 moles of FDP 
in a final volume of 3 ml. All the reagents were at pH 7-6 
and the temperature was maintained at 30°. Aldolase 
preparations were diluted with ice-cold 0-1 tris buffer at 
pH 7-6 immediately before use. The first six components 
were incubated for 5 min. and the remaining components 
were then added in the order given above. The increase in 
optical density (AZ) at 340 mp. was measured at 30 sec. 
intervals for 4 min. after the addition of FDP. The amount 
of DPN reduced/min. was calculated from the mean of 
these readings, the extinction coefficient of reduced DPN 
being taken as 6-22 x 10®cm.? x mole“! at 340 mp. All 
experiments were carried out in duplicate. Modifications 
in the method of assay are indicated in the text. A new 
spectrophotometric method for aldolase estimation is 
described below. 

A unit of aldolase activity was defined as the amount of 
enzyme which catalysed the reduction of lymole of 
DPN/min. at 30° under the above conditions. In the 
absence of triose phosphate isomerase the reduction of 
lpmole of DPN was equivalent to the conversion of 
lpmole of FDP into lyumole each of the two triose phos- 
phates. The specific activity of the enzyme was defined as 
the activity/mg. of enzyme. 

Ammonium sulphate fractionation. The quantity of 
(NH,).SO, required for changing the degree of saturation 
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was calculated from the following equation modified from 
that of Kunitz (1952): 

X =50(S, — S,)/(1 - 0-288,), 
where X equals g. of solid (NH,),SO, to be added to 
100 ml. of solution of saturation S, in order to change it to 
saturation S,, S, and S, being expressed in fractions of 
saturation at 0°. The equation for changing the degree of 
saturation of a solution by adding saturated (NH,),SO, 
soln. was ¥ =100(S, —S,)/(1 —S.), 
where Y equals ml. of saturated solution to be added to 
100 ml. of a solution to change its saturation from S, to S,. 
Analytical grade (NH,),SO, was used except during the 
first precipitation (fraction B, see below), for which 
Merck’s ‘laboratory reagent’ grade was used. A saturated 
solution of the salt was prepared by dissolving 70-6 g. in 1 1. 
of water. Solutions saturated at pH 7-2 and 7-6 were ob- 
tained by adding 0-60 and 1-35 ml. respectively of 2N-NH, 
soln. to 100 ml. each of the saturated solution, no correction 
being made for the resulting dilution. (The pH values of 
these solutions were measured directly without dilution and 
do not correspond with the actual values.) The degree of 
saturation of a solution obtained by dissolving a protein 
precipitate in a definite volume of water was calculated 
from the volume of the precipitate and the salt concentra- 
tion at which it was precipitated as described in the text. 
Ammonium sulphate, solid or solution, was added slowly 
with stirring and the liquid was allowed to stand for 
30-60 min. before centrifuging. The salt saturation and the 
values of pH etc. have been used for obtaining rapid and 
reproducible results, and do not necessarily correspond 
exactly with the theoretical values. 


RESULTS 
Isolation of aldolase 

Extraction. The frozen mycelium (4-2 kg.) was 
rapidly broken up into small lumps, mixed with 
4-2]. of 0-01N-NH, soln. and allowed to stand at 
room temperature for 1 or 2 hr. with occasional 
stirring. When all the frozen mycelium had 
thawed (temp. about 1°), the material was squeezed 
through muslin. The opalescent filtrate was reddish 
brown and its pH was 6-3—6-5 (fraction A). 

Ammonium sulphate fractionation. All further 
operations were carried out between 0° and 5°. The 
extract was brought to 0-8 saturation with 
(NH,).SO, (51-5 g./100ml.) and filtered with 
gentle suction on large Biichner funnels (Whatman 
no. | filter paper, 24 em.). Filtration was rapid and 
4 1. could be filtered within an hour on two funnels. 
The precipitate was suspended in 700 ml. of ice 
water (final volume 736 ml., 0-04 saturation) and 
the (NH,),SO, saturation was increased to 0-50 
(26-7 g./100 ml.). The precipitate was removed by 
centrifuging (in the angle head for 45 min. at 
3000 rev./min.) and discarded. The supernatant 
was brought to 0-80 saturation (19-3 g./100 ml.) 
and centrifuged. The precipitate containing aldo- 
140 ml. of ice water and 


lase was dissolved in 


brought to pH 7-2 with 2N-NH, soln. (fraction B). 


1956 


Saturated (NH,).SO, soln., pH 7-2, was then 
added to the enzyme to give a final saturation of 
0-60. The precipitate was centrifuged and dis- 
carded, and the supernatant was brought to 0-80 
saturation by the addition of solid (NH,),SO, 
[12-9 g. of (NH,),SO, and 0-15 ml. of 2N-NH, soln./ 
100 ml.]. The precipitate was centrifuged and 
stored at —18°. The entire procedure up to this 
stage was carried out during the same day. 
Fractionation between 0-60 and 0-80 saturation was 
then repeated as before. The initial concentration 
of aldolase was not greater than 80 units/ml. and 
the final centrifuging was carried out in the high- 
speed head (18 000g for 20 min.), to remove as 
much of the adhering liquid as possible. The final 
precipitate (fraction D) could be kept at — 18° for 
several months with no loss in activity. 

Protamine treatment. Fraction D was dissolved 
in a small amount of water and the solution was 
adjusted to pH 6-0 by the addition of about 10 ml. 
of 0-5m acetate buffer of pH 5-6. It was then 
treated with sufficient protamine sulphate (1-6 g. 
of protamine sulphate dissolved in a_ solution 
containing 154ml. of water and 5-6ml. of 0-5m 
acetate buffer of pH 5-8) till no further precipita- 
tion occurred. In general, 1 mg. of protamine 
sulphate was required for 1 mg. of protein. After 
30min. the precipitate, which contained no 
aldolase activity, was centrifuged and discarded. 
The ratio of the optical density of the solution 
(fraction #) at 280 my. to that at 260 my. (280/260 
ratio) increased from about 0-7 to 1-3 during this 
step, indicating the removal of most of the nucleic 
acid. 

The supernatant, fraction EL, from the protamine 
nuclein precipitate was treated with calcium 
phosphate gel. The concentration of (NH,),SO, in 
the enzyme solution before the addition of the 
gel was adjusted to 0-02—0-05 saturation as aldo- 
lase absorption was optimum within these ranges. 
Increase in pH or decrease in temperature was 
avoided to prevent precipitation of protamine or 
its complexes. The calcium phosphate gel was 
diluted with acetate buffer at pH 6 to give a final 
concentration of 0-4m acetate and 16mg. of 
calcium phosphate/ml. During washing and 
elution the gel was mixed in a Potter—Elvehjem 
homogenizer by hand for a few minutes to obtain 
a uniform suspension free from lumps. As the 
amounts of gel required to be added to fraction E 
varied slightly from batch to batch they were 
determined in preliminary experiments with small 
samples of the enzyme. 

The final procedure to which each batch of 
enzyme was submitted was as follows: fraction E 
(containing 7000 units in about 200ml.) was 
treated with 20-6 ml. of gel, stirred for 10 min. and 
centrifuged. After discarding the residue a further 
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Purification of aldolase 


A. niger (4-2 kg. fresh wt.) was used for this experiment. 


Vol. 

Fraction (ml.) 

A, Extract 5600 
B. (NH,),SO, fraction, 0-5-0-8* 164 
C. (NH,),SO,, 0-6-0-8* 120 
D. (NH,).SO,, 0-6-0-8* 42 
E. Protamine supernatant 206 
F. 1st calcium phosphate gel supernatant 226 
F,. 2nd gel supernatant 288 
G. Gel eluate 156 


H. Final fraction oa 





Total Total Specific 
Activity activity protein activity 
(units/ml.) (units) (mg.) (units/mg.) 
2-5 14 000 42 000 0-3 
64 10 500 5 250 2-0 
67 8 040 1 960 4-1 
171 7 180 1 680 43 
34 7 000 1 360 5-1 
30 6 780 1 220 5-6 
2 50 920 
2 4210 110 38-6 
—- 4 100 105 39-0 


* These figures refer to the degree of saturation with (NH,),SO,. 


62 ml. of gel was added to the supernatant. After 
stirring again for 10min. and centrifuging the 
supernatant was discarded. The residual gel was 
washed twice with 100 ml. portions of a liquid 
having the following composition: 12 ml. of satur- 
ated (NH,),SO, soln., 20 ml. of 0-5m acetate buffer 
(pH 5-8), and 380 ml. of water. The washings con- 
tained very little aldolase. The gel was then mixed 
with 160 ml. of 0-60 saturated (NH,),SO,, pH 7-6 
(about 1 ml. of eluant for 50-60 units of adsorbed 
aldolase) and centrifuged after stirring for 30 min. 
The water-clear eluate (fraction G) was brought to 
0-90 saturation by the addition of solid (NH,),SO, 
(20g. of the salt and 0-6ml. of 2N-NH, soln./ 
100 ml. of eluate) and after 1 hr. was centrifuged 
(18 000g for lhr.). The precipitate containing 
pure aldolase (fraction H) was stored as such at 
— 18°. The 280/260 ratio increased from 1-3 to 1-8 
or 1-9 after gel adssrption, indicating the absence of 
nucleic acids in the eluate. 

The results of a typical experiment are recorded 
in Table 1. Reproducible results were obtained 
with a dozen different batches of mycelium. No 
further purification was obtained by repetition of 
gel adsorption or (NH,),SO, fractionation. Triose 
phosphate isomerase, which was present up to 
fraction F, was completely removed during gel 
adsorption since it was not adsorbed by the gel. 
The activities and specific activities shown in 
Table 1 for all fractions except G and H tend to be 
higher than the actual values, since in the optical 
test both the trioses cause reduction of DPN when 
isomerase is present, whereas only glyceraldehyde 
3-phosphate is estimated in the absence of iso- 
merase. The final product contained negligible 
amounts of triose phosphate isomerase. Pure 
enzyme (1 mg.) caused no reduction of DPN in 
5 min. when it was tested for isomerase in the usual 
assay system with 20 moles of dihydroxyacetone 
phosphate instead of FDP as substrate. The 
apparent loss of about 2000 units of activity during 
elution (difference between fraction G and the sum 


7 


* (Baranowski 


of fractions F and F,) was therefore due to the 
removal of isomerase and not to the loss of aldolase. 
The purified enzyme was also free from «-glycero- 
phosphate dehydrogenase, glyceraldehyde phos- 
phate dehydrogenase, phosphatase (FDP or di- 
hydroxyacetone phosphate as substrate at pH 7-6) 
and diaphorase. 

The specific activity of purified aldolase obtained 
from different batches of A. niger varied between 
38 and 42 units/mg. of enzyme. The specific 
activities of the crystalline aldolases from rat 
muscle (Warburg & Christian, 1943), rabbit muscle 
& Niederland, 1949) and yeast 
(Warburg & Gawehn, 1954) were recalculated in 
terms of the units defined in this paper and are 
shown below (Table 3). The relative specific 
activity of the rabbit-muscle aldolase prepared by 
Herbert et al. (1940) is difficult to estimate since 
their method of enzyme assay was different. The 
specific activity of A. niger aldolase is equal to or 
slightly higher than that reported for the crystalline 
enzymes from muscle and yeast, though the activity 
of the fungal enzyme was determined with muscle 
triosephosphate dehydrogenase, which has been 
reported to give lower aldolase activities than yeast 
triose phosphate dehydrogenase, which was used 
by the other investigators (Baranowski & Nieder- 
land, 1949). 

Electrophoresis. Electrophoretic studies of A. 
niger aldolase were carried out in slightly alkaline 
buffers (pH 7-6 and 8-6) since the enzyme was un- 
stable at a lower pH. The purified enzyme was re- 
precipitated twice from a 1 % solution of EDTA at 
0-90 (NH,),SO, saturation to remove zine and 
other metals present in aldolase, which might 
cause turbidity at a higher pH. The enzyme pre- 
cipitate was dissolved in the buffer used for 
electrophoresis and dialysed with stirring at 0° 
against three charges of the same buffer for 8 hr. 

Electrophoresis was carried out in phosphate 
buffer at pH 7-6 and barbiturate buffer at pH 8-6. 
A single peak was obtained in both experiments, 
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Fig. 1. Electrophoresis diagram of aldolase in phosphate 
buffer, pH 7-6, ionic strength 0-2, after 240 min. 


indicating the homogeneity of the enzyme. Fig. 1 
shows the pattern obtained in phosphate buffer 
(ionic strength 0-2, pH 7-6, protein 0-57%); the 
mobility of the enzyme was 5-43 x 10-° cm.?/ 
v-! x see.-!. In barbiturate buffer (ionic strength 
0-1, pH 8-6, protein 0-65%) the mobility was 
6-4 x 10-5 cm.2/v-! x see... The activity of the 
enzyme was not significantly altered during the 
period of electrophoresis. 


Properties and kinetics 


Aqueous solutions of A. niger aldolase (1-5 %) 
were water-clear and colourless. The solubility of 
the enzyme in (NH,),SO, solutions at pH 7-6 was 
much higher than that of muscle aldolase. The 
latter can be precipitated almost completely at 
0-52 saturation, whereas A. niger aldolase was 
soluble to the extent of 0-1% in 0-70 saturated 
(NH,),SO, soln. at the same pH and was appreci- 
ably soluble even at 0-80 saturation when it was 
free from nucleic acid. But the mould enzyme 
resembled muscle aldolase in being less soluble in 
0-40—0-50 saturated (NH,),SO, at 20° than at 0°. 

The enzyme was very stable when the precipi- 
tates obtained from alkaline (NH,),SO, solutions 
were stored as such at — 18° and showed no loss in 
activity after 3 or 4 months. When dissolved in 
0-40—0-60 saturated (NH,),SO, at pH 7-6-8-0 the 
enzyme was stable for several days at 0° and could 
be heated at 50° for 5 min. without any loss in 
activity. Solutions in water or tris buffer, pH 7-6, 
were less stable; 0-2% enzyme solution lost 40% 
of its activity in 15 min. at 38° and was completely 
inactivated in 5 min. at 50°. The stability of the 
enzyme was not significantly different when it was 
reprecipitated from 1% (w/v) EDTA solution with 
(NH,).SO, or when it was dissolved in 1% (w/v) 
EDTA, indicating that removal of the zine present 
in aldolase (see below) does not affect its stability. 
The enzyme was also stable when dialysed for 
24hr. at 0° against dilute NH, soln. (0-005N), 


phosphate or veronal buffer (0-1mM, pH 7-6—8-6). 
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Fig. 2. Ultraviolet absorption spectrum of aldolase. 


But dialysis against buffers at pH 6-6 under the 
same conditions resulted in 75% loss in activity. 
The inactivation could not be reversed by the 
addition of Zn?+ or boiled undialysed enzyme. 
Longer periods of dialysis against water or buffer 
(with or without 0-001 M-ZnSO,) almost completely 
inactivated the enzyme. 

Absorption spectrum. The ultraviolet absorption 
spectrum of A. niger aldolase, shown in Fig. 2, is 
that of a typical protein. 

Analysis for metals. Aldolase of specific activity 
39 was analysed for Fe, Mn and Zn. Manganese 
was present in negligible amounts; 5 mg. of the 
enzyme contained less than 0-1 ug. of the metal, 
which was the limit of detection by the method 
used for analysis. The iron content of the enzyme 
was also low (0-07 yg./mg. of protein). If 1 mole of 
iron were to be present in 100000 g. of enzyme, the 
iron content of the preparation should be at least 
eight times higher. Zinc was present in significant 
amounts (1-3-1-4yg./mg. of aldolase). It appears 
probable, from the experiments described in a 
later section, that the metal present in the enzyme 
is firmly bound to the protein. It could not, 
however, be determined by dialysis whether all the 
metal found in the preparation was in stoicheio- 
metric combination, or whether some of it was 
derived from the reagents used during purification, 
since prolonged dialysis led to denaturation of the 
enzyme. If the zinc is assumed to be in stoicheio- 
metric amounts, the minimum molecular weight 
calculated for the enzyme is about 50000, which 
is one-third of that reported for muscle aldolase 
(Velick & Ronzoni, 1948). 

reaction balance. The conversion of 1 mole of 
FDP into 1 mole each of p-glyceraldehyde 3- 
phosphate and dihydroxyacetone phosphate by 
A. niger aldolase was shown by the following 
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Table 2. Equilibrium constant 


The test system contained 20 moles of tris, 150 yg. of aldolase and the amount of FDP indicated below, in 1 ml. final 
volume at pH 7-6, temp. 30°. 


Triose 
Initial phosphates Final FDP 
Expt. FDP formed (cale.) K 

no. (umoles) (umoles) (umoles) (mM) 

1 58 2-0 4:8 2-08 x 10-4 

2 11-6 2-8 10-2 1-92 x 10-4 
experiments. The total amount of DPN reduced in 0-9 
the presence of a known amount of FDP was 
determined in the usual test system containing oe 
(a) 200 ug. of A. niger aldolase and (6) the same 07 
quantity of aldolase and 100 yg. of triose phosphate E 06 
isomerase. In (a) 0-11 zmole of FDP caused the = 
reduction of 0-11 zmole of DPN in the absence of 05 
isomerase and in (b) the same amount of FDP — 0-4 
caused the reduction of 0-21 umole of DPN when a ° 
isomerase was present. There was no DPN re- 103 
duction when glyceraldehyde phosphate dehydro- 0-2 
genase, aldolase or arsenate was omitted from the 0 
test. The known high specificity of muscle glycer- 64 66 68 7:0 7:2 7-4 7-6 7-8 8-0 828-4 
aldehyde phosphate dehydrogenase and isomerase pH 
show that the products of aldolase reaction on Fig. 3. Effect of pH on enzyme activity. 


FDP were equivalent amounts of glyceraldehyde 
phosphate and dihydroxyacetone phosphate. ; 
Equilibrium constant. The equilibrium constant pounds, if acted upon by aldolase, should form 
for the reaction was determined by measuring the * dihydroxyacetone phosphate and reduce DPN in 
amount of total triose phosphate formed at 30° the presence of triose phosphate isomerase and 
from known amounts of FDP after equilibrium glyceraldehyde phosphate dehydrogenase. 
had been attained. The total triose phosphates Effect of enzyme concentration. The rate of DPN 
were measured as the increase in alkali-labile eduction was found to be proportional to enzyme 
phosphorus (Herbert e¢ al. 1940) and the amount of concentration when the change in optical density/ 
each of the triose phosphates present was taken to min. did not exceed 0-200. The amount of enzyme 
be half of the total since isomerase was absent. The taken for the test was usually sufficient to cause 
quantity of enzyme taken wassuchthatequilibrium @ change of 0-010-0-080/min. Enzyme activity 
was reached in 5 min., as shown by the fact that Was also proportional to time when the total 
incubation for longer periods did not result in change in optical density was less than 0-600. 
further increase in alkali-labile phosphorus. The Effect of pH. The pH-activity curve for aldolase 
value of the equilibrium constant AK, which was is shown in Fig. 3. Glyceraldehyde phosphate de- 
hydrogenase, which has a markedly lower activity 
[4 total triose phosphate}? at lower pH values, _was present in optimum 
ee ———, amounts, since the activity was not increased by 
[residual FDP] adding more of this enzyme. Precipitation of zine 
the concentrations being expressed in moles/litre, occurred at higher pH values and the fall in 
is shown in Table 2. The observed values are of the activity above pH 8-0 was probably due to 
same order as those reported for muscle aldolase removal of metal from solution. 
(Herbert et al. 1940) and pea aldolase (Stumpf, Effect of substrate concentration. The effect of 
1948). substrate concentration on enzyme activity is 
Specificity. A. niger aldolase was found to be shown in Fig. 4. The Michaelis constant for the 
specific for FDP. Reduction of DPN was not _ reaction, K,,, was 1-5x 10-*m. K,,, of rabbit muscle 
observed in the usual test system containing aldolase was found to be about 1 x 10-*m (Herbert 
100 ng. of aldolase and 100 yg. of triosephosphate et al. 1940; Sibley & Lehninger, 1949). 
isomerase when glucose 6-phosphate, fructose 6- Effect of temperature. The effect of temperature 
phosphate, fructose 1-phosphate, ribulose 5- on enzyme activity is shown in Table 3. The 
phosphate or sedoheptulose 7-phosphate was used enzyme, and not FDP, was added last in these 
as substrate instead of FDP. The last three com- tests, since there was considerable inactivation of 


calculated from 


7-2 
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tris, glycylglycine or veronal buffers at the same 
pH. The addition of 0-05 ml. of saturated (NH,),SO, 
(pH 7-0-8-5) resulted in an inhibition of aldolase, 
which varied from 5 to 15% of the initial activity. 


aldolase in the absence of substrate at temper- 
atures greater than 30°. All the components of the 
test system, except aldolase, were incubated at the 
required temperature and the reaction was started 
by the addition of the enzyme which was at 0°, the 
change in temperature due to the small amount of 
enzyme being ignored. The relatively small in- 
crease in activity between 30° and 38° is probably 
due to inactivation of the enzyme. 

Effect of inhibitors. The following compounds at 
the indicated final concentrations had no effect on 
aldolase activity: glucose (0-03), fructose (0-03 m), 
glucose 6-phosphate (0-016), fructose 6-phosphate 
(0-016M), pyruvate (0-03M), ribulose 5-phosphate 
(0-002M), sedoheptulose 7-phosphate (0-005mM), 
arsenite (0-008M), sulphanilamide (0-01), fluoride 
(0-0lm) and iodoacetate (0-01m). The effect of 
iodoacetate, which inactivates triose phosphate 
dehydrogenase in the usual test, was determined by 
the method of Sibley & Lehninger (1949). Sulph- 
anilamide was tested since it has been found to 
be inhibitory to carbonic anhydrase, which is also 
a zine-containing enzyme (Mann & Keilin, 1940). 
The activity of aldolase was found to be the same in 
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Fig. 4. Effect of substrate concentration [S]. V is ex- 
pressed as AZ/min. at 340 mp. K,,=1-5 x 10-3M. 


The effect varied with different samples of 
(NH,),SO, and was probably due to trace im- 
purities since equivalent amounts of potassium 
sulphate and ammonium chloride were not in- 
hibitory. 

Effect of metal-binding agents. A. niger aldolase 
was found to be inhibited by metal-binding agents 
such as EDTA, o-phenanthroline, ««’-dipyridyl and 
pyrophosphate. This inhibition was reversed by 
the addition of heavy metals. The effect of these 
inhibitors was studied in the presence of cysteine or 
GSH. These compounds were also inhibitory to 
aldolase so that the observed effect of EDTA, for 
instance, was due to the combined action of EDTA 
and cysteine or GSH. The sulphydryl compounds 
were necessary in the test system for the activity 
of muscle glyceraldehyde phosphate dehydro- 
genase. The effect of EDTA on aldolase was 
markedly different when it was studied by a new 
method of aldolase estimation in the complete 
absence of cysteine, and will be discussed below. 

Cysteine showed marked inhibition of aldolase 
in the presence of oxygen, when no zine was added 
to the test system. The effect of cysteine was more 
complex under anaerobic conditions. There was an 
initial inhibition, which was much less than that 
observed aerobically, followed by a gradual in- 
crease in activity till the final value was equal to 
that obtained in the presence of added zinc. This 
reactivation was probably due to the presence of 
iron in cysteine (about 1 pg./60 pmoles of cysteine). 
The metal is present in the oxidized state in air in 
the presence of cysteine and is reduced to the 
catalytically active bivalent ions anaerobically 
(Warburg & Christian, 1943). Inhibition was less 
at lower concentrations of cysteine and varied with 
different samples of cysteine. GSH was much less 
effective than cysteine as an inhibitor in the 
presence of oxygen and showed no inhibition under 
anaerobic conditions. 


Table 3. Effect of temperature on aldolase activity 


Activity determinations were carried out as described in the text, using 1-52 yg. of aldolase in each test. The specific 
activities of crystalline muscle and yeast aldolases were calculated from the data in the references indicated in the table. 


Change in 
optical density 
at 340 mu. 


Temp. (AE/min.) 
| eal 0-05% 
A. niger aldolase 30° 0-123 
38° 0-153 
Yeast aldolase 20° oe 
Rat-muscle aldolase 20 


Rabbit-muscle aldolase 30 = 


(units/mg.) 


Specific 

activity 

Reference 

17 — 

39 ets 

49 — 

17 (Warburg & Gawehn, 1954) 

14 (Warburg & Christian, 1943) 

28 (Baranowski & Niederland, 1949) 
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Table 4. Effect of metal-binding agents on aldolase activity 


Composition of the assay system was the same as in the routine test except for Zn?+, cysteine and EDTA. 


Zn2+ was not 


added except to the control. Cysteine or GSH and other inhibitors were added at the indicated levels. 


o-Phenan- oxen’ = 
Cysteine GSH EDTA throline Dipyridyl 
(x10-*m) (x10-?m) (x10-4m) (x10-*m) (x 10-*m) 
Control* — — a= — 
0-2 a sini ae sal 
2-0 joes a a on 
2-0 ha 18 ais sie 
= 2-0 si eo 
= 2-0 oo sai a 
2-0 1-8 — oo 
= 2-0 7-2 aos is 
2-0 a -- 3-3 — 
2-0 ve — 6-6 - 
2-0 _- — 13-2 — 
2-0 “a oe ie 1-0 
2-0 — _- — 10-0 
0-2 — — -= —_— 
0-2 — — —_ — 
2-0 —_ od — — 
2-0 — —_ — _ 


* Activity was determined as in the routine test. 


{ Change in Z between the sixth and eighth minutes. 


The effect of EDTA, o-phenanthroline, dipyridy] 
and pyrophosphate on aldolase is shown in Table 4. 
EDTA was the most effective inhibitor, and at a 
concentration of 1-8 x 10-*m (in the presence of 
0:02m cysteine) completely suppressed aldolase 
activity. The enzyme was completely inhibited 
immediately after the addition of EDTA and the 
extent and rapidity cf inhibition were the same 
whether the enzyme, EDTA or FDP was added 
last to the test system (cf. hydrazine test described 
below). The other inhibitors showed marked in- 
hibition only at higher concentrations and did not 
completely inhibit aldolase activity in the concen- 
tration range which was studied. At lower cysteine 
concentrations or with GSH the effect of all these 
inhibitors was less pronounced, indicating that the 
observed inhibition was due to the effect of both 
cysteine and the other complexing agent. Yeast 
aldolase was reported to be irreversibly inhibited 
by pyrophosphate (Warburg & Christian, 1943). 
Inhibition of A. niger aldolase by pyrophosphate, 
as well as by the other inhibitors, was completely 
reversible. Aldolase activity was fully restored by 
2-7 x 10-4m-Zn?+, even when the enzyme was 


initially incubated with 0-1M-pyrophosphate at 
pH 8-0 for 10 min. at 0° or 38° before addition to 
the test system (Table 5). 

Effect of metals. Aldolase was fully active in the 
absence of added metals. At low concentrations of 
cysteine or GSH (0-002M) the activity was the 
same with or without added zinc. The effect of 


Changes in 


Pyrophos- optical density 
phate Gas at 340 mu. Inhibition 

( x 10-*m) phase (AE/min.) (%) 
— H, or O, 0-080 — 
— H, or Og 0-080 0 
_ H 0-0387 53 

2 0-076{ 5 
— O, 0-017 79 
— H, or O, 0 100 
— H, 0-080 0 
— O, 0-064 20 
mn 0, 0-025 69 
_ 0, 0-002 98 
aa H, 0-010 88 
— H, 0-004 95 
— H, 0-001 99 
— H, 0-014 83 
a H, 0-010 88 
3-3 H, 0-062 23 
26-0 H, 0-004 95 

1-0 H, 0-010 88 
3-3 H, 0-002 98 


{+ Change in EF during the first 2 min. 


metals was therefore studied with enzyme which 


* was inhibited by cysteine, EDTA or o-phenanthro- 


line. Solutions of the respective metal salts were 
prepared immediately before use. Controls, with- 
out enzyme and without substrate respectively, 
were run and the blanks, if any, were subtracted 
from the experimental values. When Fe*+ or Co?+ 
was added to solutions containing EDTA or 
cysteine, the extinction of the solutions changed 
rapidly during the first few minutes and then 
remained nearly constant. The reaction was started 
by the addition of FDP when the readings were 
nearly constant in order to minimize the blanks. 
The activities obtained in all the experiments 
described below were found to be proportional to 
enzyme concentration and time within the limits 
previously indicated. 

Inhibition by EDTA was reversed by Zn?*, 
Mn?+, Fe?+, or Co?+ but not by Mg?*, Ca?*, Cu?* or 
MoO,2- (Table 5). (Some enzyme preparations, 
especially those of low purity, showed a slightly 
higher activity with EDTA and Zn?+ than with 
Zn*+ alone, possibly due to the chelation of trace- 
metal impurities by EDTA. Routine assay of the 
enzyme was therefore carried out with EDTA and 
Zn?*+ in the test system.) Zine was active both 
under aerobic and anaerobic conditions, whereas 
iron and cobalt were effective only in the absence of 
oxygen. Ferrous and cobaltous ions are oxidized to 
the tervalent state by oxygen in the presence of 
cysteine. Ferric ions can be reduced again to the 
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ferrous state by cysteine in the absence of oxygen, 
whereas the oxidation of cobalt to the cobaltic 
state is irreversible. This is shown in Table 5. 
When Co?+ was mixed with the test solution con- 
taining cysteine in air and the air was then re- 
placed by H, there was no aldolase activity. But 
when cysteine and Co*+ were mixed under Hg, the 
enzyme was reactivated. Aldolase activity was 
obtained with Fe?+ whether it was mixed with 
cysteine in air or H,. 

Manganous salts activated aldolase in the 
presence or absence of oxygen, though the activity 
was about 40% less under aerobic conditions. The 
effect of the metal was not however studied in 
further detail. The failure of cupric ions to reverse 
EDTA inhibition was not due to inhibition of 
glyceraldehyde phosphate dehydrogenase since 
aldolase activity was observed when both Cu?+ and 
Zn?+ were added to the test solution. Reversal of 
o-phenanthroline inhibition by Zn?+ or Mn?+, and 
reversal of pyrophosphate or cysteine inhibition by 
Zn?+ are shown in Table 5. The effect of other 
metals with these inhibitors could not be studied 
owing to the formation of precipitates or highly 
coloured complexes with high light absorption at 


340 my. The amount of metal required to counter- 
act the effect of EDTA was slightly in excess of the 
stoicheiometric quantity, whereas much smaller 
amounts sufficed to reverse inhibition by pyro- 
phosphate or phenanthroline. 

Spectrophotometric assay of aldolase with hydra- 
zine. The inhibition of aldolase by EDTA and re- 
activation by Zn?+ were confirmed by a new 
spectrophotometric method for the estimation of 
aldolase activity. When aldolase and FDP were 
mixed together in the presence of small amounts of 
hydrazine, the rate of increase in the optical 
density of the solution at 240 mp. was found to be 
proportional to enzyme concentration. The experi- 
mental conditions are shown in Fig. 5. Hydrazine 
could be replaced by semicarbazide but not by 
hydroxylamine. The method is comparable in 
sensitivity to the optical test of Warburg & 
Christian (1941). The hydrazine test has the ad- 
vantage that it can be used in the presence of 
enzymes which oxidize or destroy reduced DPN, 
and interfere with the other method. The test 
system is also less complex and contains only the 
substrate and hydrazine, the buffer being un- 
necessary if the other reagents are adjusted to the 


Table 5. Reactivation of aldolase by metals 


Reaction mixture for assay of enzyme activity contained all the components of the routine test system except cysteine, 


EDTA and Zn. Other additions are shown below. 








Change in 
o-Phenan- Pyrophos- Conen. optical density 
Cysteine EDTA throline phate of metal Gas at 340 mu. 
(x 10-?m) ( x 10-4m) ( x 10-?m) ( x 10-*m) Metal (x 10-4) phase (AEZ/min.) 
0-2 — — = — H, or O, 0-082 
0-2 a _ — Zn?+ 2-7 H, or O, 0-080 
2-0 — — — _ -- = 0-017 
2-0 — — — Zn*+ 2:7 O, 0-078 
2-0 1-8 a ns oo i O, or H, 0 
2-0 1-8 -- — Zn?+ 2-7 O, or H, 0-082 
2-0 1-8 -- — Mn?*+ 2-7 2 0-068 
2-0 1-8 = -— Mn?*+ 2-7 oO, 0-036 
20 1-8 an — Mn?2+ 4-0 H, 0-075 
2-0 1-8 — -- Fe?+ 2-7 H, 0-065 
2-0 1-8 a im Fe?+ 4-0 H, 0-075 
2-0 1-8 me sim *Fe2+ 4-0 H, 0-077 
2-0 1-8 — ~- Co?+ 2-7 H, 0-078 
2-0 1-8 _- a *Co*+ 2-7 H, 0 
*Co*t, 2. 
20 1-8 ra “i pom oat H, 0-078 
2-0 1-8 -- — Mg?+ or 2:70 H, 0 
Ca*+ or MoO,?- 4-0 
2-0 1-8 — — Cu?+ 2-7 o H, 0 
4-0 
2+ 2. secs 
>.() 1:8 poet bes | ~. re | H, 0-076 
2-0 — 2-0 — — — H, 0 
2-0 -- 2-0 _ Zn?* 2-7 H, 0-082 
2-0 a 2-0 a Mn?+ 2-7 H, 0-056 
2-0 — — 3-0 _ — H, 0-002 
2-0 — _ 3-0 Zn*+ 2-7 H, 0-074 
2-0 se wi 3-0+ Zn2+ 2-7 H, 0-070 


* Solution of metal salt was mixed with cysteine in air, and air was then replaced by Hg. 


{ Aldolase was incubated with 0-1m pyrophosphate of pH 7-6, at 0° or 30° for 10 min. before being tested. 
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required pH. The method has, however, the dis- 
advantage that the effect of substances having high 
light absorption at 240 mp. (Fe?+, Co*+, o-phen- 
anthroline, etc.) cannot be studied. An appreciable 
non-enzymic blank was also obtained when FDP 
and hydrazine were mixed together, but the blank 
was relatively low when the concentration of 
hydrazine was reduced to the level indicated in the 
legend to Fig. 5. There was a rapid initial change in 
the 240 my. reading when FDP and hydrazine 
were mixed, probably due to impurities in the 
FDP since there was only a small but constant 
change after 2-3 min. The readings obtained with 
enzyme were corrected for this blank. The amount 
of enzyme taken for the test was such that the rate 
of change of H(AZ)/min. was less than 0-150. 
AE showed a slight increase during the first 2 or 
3min. after the addition of aldolase and then 
reached a constant value which was proportional to 
enzyme concentration. This method can be used 
for the determination of the aldolase activity of 
crude extracts or of purified enzyme and gave 
results comparable to those obtained by other 
methods. It has, however, been used primarily to 
determine the effect of EDTA and Zn?+ on aldolase 
in a system which does not contain cysteine, 
DPN, glyceraldehyde phosphate dehydrogenase, 
etc. The high value of E and the rapidity of forma- 
tion of the hydrazones of other compounds (e.g.” 
glyoxylic acid) suggests that spectrophotometric 
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Fig. 5. Hydrazine test: effect of enzyme concentration on 
activity. The test solution containing 0-5 ml. of 0-2m- 
tris, Tymole of hydrazine and 12yumole of FDP was 
incubated for 5 min. before adding the enzyme. Final 
vol.: 3ml.; pH 7-6, temp. 30°. EH at 240 mp. was 
corrected for the blank. 


ALDOLASE FROM ASPERGILLUS NIGER 


103 


methods with hydrazine as trapping agent can be 
extended to other enzyme reactions in which 
aldehydes or ketones are formed. 

Fig. 6 shows inhibition of aldolase by EDTA and 
reversal of inhibition by Zn?+, confirming the 
results obtained by the other method. But in the 
hydrazine test EDTA was ineffective at the levels 
used in the routine test system. Even at higher 
concentrations of the inhibitor, enzyme activity 
decreased slowly with time and became negligible 
only after 10 min. or more. Similar results were 
obtained when EDTA, FDP and hydrazine were 
incubated for 10-20 min. before the addition of 
enzyme. But when the enzyme and EDTA were 
incubated together for 10 min. and then added to 
the other components of the test, the enzyme was 
completely inhibited from the beginning of the 
reaction. These experiments indicate that chelation 
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Fig. 6. Hydrazine test: effect of EDTA and Zn on aldolase 
activity. The test solution containing 0-5 ml. of 0-2m 
tris, 7moles of hydrazine and 12umoles of FDP was 
incubated for 5 min. Enzyme was added last. Other 
additions are indicated below. Final volume: 3 ml.; 
pH 7-6, temp. 30°. E at 240 mu. was corrected for the 
blank. Curve 1. @, Enzyme incubated for 10 min. in 
1-4 x 10-2m EDTA before adding to the test system; 
final EDTA conen. 3-6 x 10-*m. |, Zn®* was added to 
a final conen. of 4:0x10-*m. Curve 2. @, EDTA 
2-7x10-8m. |, Zn®* was added to a final concen. of 
3-0 x 10-°m. Curve 3. A, EDTA 3-6x10-*m. |, Zn?+ 
was added to a final conen. of 4:0x10-4m. Curve 4. 
>, No addition. Curve 5. A, Zn?+ 1-8x10-*m. In 
curves 2 and 3, EDTA was incubated with the other 
components of the test solution for 10 min. before 
addition of the enzyme. 
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of the metal present in the enzyme, and not in the 
other reagents, by EDTA is necessary for inhibition 
of activity. Reversal of EDTA inhibition by Zn?+ 
was very rapid, showing that the rate-limiting step 
during inhibition is the combination of EDTA 
with the enzyme-linked metal and not with free 
Zn?+. The rapid inhibition observed in the other 
method of aldolase assay was probably due to the 
combined action of cysteine and EDTA, which 
could not be studied in the hydrazine test owing to 
high light absorption at 240 mu. 

‘ Aldolase inhibitor’. It has been suggested that 
the metal requirement of yeast aldolase is due to 
the presence of an aldolase inhibitor, the effect of 
which can be reversed by heavy metals (Meyerhof, 
1951). Several fractions obtained during the 
purification of aldolase, crude extracts and boiled 
extracts of A. niger were tested for inhibitory 
action on aldolase from muscle, A. niger or peas, 
either directly or in the presence of EDTA or zinc. 
They were also tested for aldolase activity in the 
presence of EDTA, since any fraction containing 
more aldolase than aldolase inhibitor should be 
active even in the presence of EDTA. 

These experiments need not be described in 
detail since all of them yielded negative results. The 
electrophoretic experiments also showed no indica- 
tion of asecond component in pure aldolase. Though 
these results do not necessarily disprove the exist- 
ence of an aldolase inhibitor in A. niger, especially if 
firmly bound to aldolase, the hypothesis remains 
at present without any experimental basis. 

DISCUSSION 

The inhibition of pure A. niger aldolase by metal- 
binding agents and its reactivation by zine and 
other metals show that the mould enzyme differs 
from muscle aldolase and resembles the aldolases of 
yeast and Cl. perfringens in requiring heavy metals 
for its activity. The metallo-aldolases also show 
marked differences in metal specificity and in other 
properties. The bacterial enzyme was activated 
only by Fe?+ or Co?+ but not by Mn?+ or Zn?+, and 
after ageing the enzyme required both cysteine and 
metal for maximum activity (Bard & Gunsalus, 
1950). The aldolases of yeast and A. niger show a 
marked resemblance in several properties such as 
reversible inhibition by cysteine, o-phenanthroline 
and dipyridyl, activation by Zn?+, Fe?+ or Co?*, 
inhibition in the presence of cysteine and Fe?+ (or 
Co**+) by oxygen, ete. But the two enzymes differ 
in other respects. Yeast aldolase has been reported 
to be activated by Cu?+ but not by Mn?+, whereas 
A. niger aldolase was activated by Mn?+ but not by 
Cu?+. Moreover, pyrophosphate inhibition of A. 
niger, unlike that of the yeast enzyme, was com- 
pletely reversible by Zn?*. 

A. niger aldolase appears to show a_ broad 


specificity in its metal requirement, but the ob- 
served effects of Zn2+, Mn?+, Fe?+ and Co?2+ were 
due to the reversal of inhibition by metal-binding 
agents. This is not as direct a proof of metal 
specificity as a demonstration of activation by 
metals in the absence of the inhibitors, since the 
action of the added metal can also be due to com- 
bination with the inhibitor, thereby releasing the 
metal which was originally bound to the enzyme. 
Inhibition by EDTA could not, however, be 
reversed by Mg?+, Ca*+ or Cu?+ over a wide concen- 
tration range, though these metals are known to 
form complexes with the chelating agent. The con- 
centration of metal required for reversing the effect 
of dipyridyl, o-phenanthroline and pyrophosphate 
was only a small fraction of that required for 
stoicheiometric combination with these inhibitors. 
It appears probable, though not certain, that the 
effect of Zn?+, Mn?+, Fe?+ and Co?+ is due to activa- 
tion of aldolase. 

The nature of the difference between muscle 
aldolase and the metal-requiring aldolases, and the 
function of the metal in the latter, remain obscure. 
The stability of A. niger aldolase was not dependent 
on the presence of metals. The hypothesis of an 
‘aldolase inhibitor’ could not be substantiated. 
Aldolases which can utilize fructose 1-phosphate as 
substrate have been recently reported to be present 
in liver (Leuthardt, Testa & Wolf, 1953) and in 
jack-beans (Cardini, 1952). But A. niger aldolase 
does not belong to this group of enzymes, since it 
resembles muscle aldolase in having a negligible 
action on fructose 1-phosphate. It is also improb- 
able that the reactions catalysed by muscle and 
A. niger aldolase are different in any respect, 
except in metal requirement, as will be evident 
from the data on reaction balance, Michaelis 
constant, equilibrium constant and temperature 
coefficient of activity. A possible explanation for 
the metal requirement of the aldolases of A. niger, 
yeast, etc., is that the catalytically active molecule 
of these enzymes, unlike that of muscle aldolase, 
consists of two or more inactive smaller molecules, 
which are firmly but reversibly linked together by 
metal atoms. The experiments described in the 
section on the hydrazine test show that the en- 
zyme-bound metal is not present in a loosely 
adsorbed form or in ionic combination. The 
differences in the metal specificity of the metallo- 
aldolase from different sources and the activation 
of each individual enzyme by several different 
metals suggest a relatively non-specific role for the 
metal, unlike that, for instance, in the iron— 
porphyrin enzymes. The zine content of A. niger 
aldolase indicates a lower minimum molecular 
weight than that of muscle aldolase. It was 
unfortunately not possible to determine the actual 
molecular weight of the purified enzyme by 
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physical methods. A study of the effect of EDTA 
on the molecular weight of the enzyme to determine 
whether the removal of the metal present in the 
enzyme results in a lowering of the molecular 
weight should be of value in testing the validity of 
this hypothesis. 

SUMMARY 


1. The aldolase of Aspergillus niger has been 
purified by ammonium sulphate fractionation and 
adsorption on calcium phosphate gel. 

2. The purified aldolase was electrophoretically 
homogeneous. The activity per milligram of the 
enzyme was equal to that of crystalline muscle or 
yeast aldolase. 

3. The properties of the enzyme and the kinetics 
of the reaction are described. 

4. The enzyme resembled yeast aldolase and 
differed from muscle aldolase in requiring heavy 
metals for its activity. It was inhibited by cysteine, 
pyrophosphate, ethylenediaminetetraacetic acid, 
o-phenanthroline and ««’-dipyridyl. The inhibition 
was reversed by bivalent zinc, manganese, iron or 
cobalt but not by magnesium, calcium or copper. 

5. A new spectrophotometric method for the 
estimation of aldolase activity is described. The 
method is based on the increase in light absorption 
at 240 mu. in the presence of hydrazine. 

6. The differences between the aldolases from 
different tissues are briefly discussed. 
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A Specific Polysaccharide of Pasteurella pestis 


By D. A. L. DAVIES 
Microbiological Research Department, Porton, Wilts. 


(Received 7 October 1955) 


When many strains of Pasteurella pestis are grown 
at 37° a gelatinous envelope surrounds the cells 


(Rowland, 1914); this envelope material will 


immunize mice against plague infection (Amies, 
1951; Baker, Sommer, Foster, Meyer & Meyer, 
1952). Schiitze (1932) showed that in addition to 
the envelope antigen, which is heat-labile, a heat- 
stable somatic antigen is present in rough and 


smooth forms of Past. pestis and is common to the 
closely related rodent-pathogen Pasteurella pseudo- 
tuberculosis. It was considered that although a 
smooth form of colony is characteristic of most 
Past. pestis strains, including all the virulent ones, 
no smooth ‘O’ somatic antigen was present, but 
that the heat-stable antigen was a rough somatic 
antigen underlying the envelope. 
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The smooth ‘O’ somatic antigens of Gram- 
negative bacteria have been extensively studied 
(Boivin, Mesrobeanu & Mesrobeanu, 1933; Morgan, 
1937; Morgan & Partridge, 1940, 1941; Freeman, 
1943; Goebel, Binkley & Perlman, 1945; Davies, 
Morgan & Mosimann, 1954) and have proved 
to be protein—polysaccharide—phospholipid com- 
plexes having an immunological specificity deter- 
mined by their polysaccharide moieties. These ‘O’ 
somatic antigens are generally regarded as being 
synonymous with endotoxins (van Heyningen, 
1950). The application to Past. pestis of extraction 
methods used in these studies has failed to reveal 
the presence of a material of this type. By the 
trichloroacetic acid method of Boivin et al. (1933) 
no endotoxin was obtained from either Past. pestis 
(Girard, 1941) or from Past. pseudotuberculosis 
(Girard, 1941; Schar & Thal, 1955). Lazarus & 
Nozawa (1948) obtained a toxic lysate of Past. 
pseudotuéerculosis but the nature of the toxic 
material in the preparation was not determined. 
Pasteurella aviseptica, when extracted by the 
trichloroacetic acid method, yielded a true ‘O’ 
somatic antigen (Pirosky, 1938), Pasteurella 
tularensis also contained what appeared to be an 
analogous material (Girard & Gallut, 1951) but 
unlike the Past. aviseptica product, it was not toxic. 

It is well known that Past. pestis produces a 
toxin, which has been called an endotoxin by some 
and an exotoxin by others; this is discussed by 
Pollitzer (1954). The toxic substance has not yet 
been isolated but is likely to be a protein and not 
related to the Gram-negative endotoxins (Girard & 
Sandor, 1947). 

A fraction which appeared to be largely poly- 
saccharide in nature was obtained from Past. pestis 
cells and from culture supernatant fluids by Seal 
(1951). The material could only be obtained from 
protective strains (those with envelopes) and was 
not present in Past. pseudotuberculosis. The pre- 
paration precipitated with Past. pestis antisera, 
and from a hydrolysate a sugar osazone was isolated 
which was thought to be that of arabinose. Baker 
et al. (1952) isolated from saline extracts of acetone- 
dried Past. pestis cells several fractions, one of 
which (IA) contained protein and carbohydrate. 
This did not appear to differ serologically from 
a protein fraction (IB) which protected mice from 
plague infection and was related to the envelope 
material. Chen (1952) detected in Past. pestis 
broth cultures a component which could be 
adsorbed on sheep erythrocytes, rendering them 
agglutinable by Past. pestis antisera; from a 25% 
ammonium sulphate precipitate of a saline extract 
of cells a fraction was obtained which also had this 
property and contained carbohydrate (N, 5-8%; 
protein, 37%). A saline extract of the phenol- 


insoluble residue of acetone-dried organisms was 
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shown by Chen & Meyer (1954) to contain carbo- 


hydrate (N, 3%); the material precipitated 
readily with sera prepared by immunization with 
Past. pestis strain TRU (a rough strain, Schiitze, 
1939) but reacted weakly with anti-virulent Past. 
pestis sera. Silverman (1954) isolated fractions 
containing protein and carbohydrate which were 
related serologically to the envelope and mouse- 
protective antigen. 

It is thus evident that Past. pestis produces at 
least one polysaccharide, possibly two, though 
none has yet been purified or characterized. The 
information available suggests, however, that no 
component is present which is truly analogous 
to the specific polysaccharides of other Gram- 
negative groups. 

An antigenic analysis of Past. pestis has been 
described by Crumpton & Davies (1955, 1956) in 
which the agar-diffusion-precipitin technique of 
Ouchterlony (1948, 1953) was employed in con- 
junction with animal experiments to demonstrate 
the presence of at least ten antigens. With extrac- 
tion products it was possible to show by compar- 
ing precipitin-line patterns with electrophoretic 
pictures that each line on a diffusion plate corre- 
sponded to one antigen or hapten. The characteriza- 
tion of these materials is in progress and one of 
them, a lipopolysaccharide, is described in the 
present paper. 


MATERIALS AND METHODS 


Organisms. Past. pestis strain Tjiwidej smooth (TS) 
(Otten, 1936) was used for the main polysaccharide 
extraction. A rough toxic variant TSR (isolated from 
TS), the non-toxic rough form TRU (Schiitze, 1939) 
and a strain of Past. pseudotuberculosis have also been 
employed. 

Growth and recovery of organisms. Organisms were grown 
in tryptic meat broth containing 1% (w/v) of galactose; 
250 ml. amounts of medium were dispensed in ‘Thompson’ 
bottles (Gallenkamp and Co., London, E.C. 4), which were 
inoculated with 1 ml. (1 mg., dry wt., of cells) of a saline 
suspension which had been grown for 18 hr. on tryptic- 
meat agar. Incubation for 40 hr. on a reciprocating shaker 
at 37° gave yields of 4-5 g./l. (dry wt.). Glucose could not 
be substituted for galactose because excessive acid pro- 
duction brought growth rapidly to a standstill. 

Tryptic-meat agar with or without galactose failed to 
support the growth of isolated organisms but allowed 
growth only from heavy inocula. To obtain isolated colonies 
for checking cultures on plates tryptic-meat agar with the 
addition of peptic sheep’s blood was used (Herbert, 1949). 

Organisms were recovered by centrifuging at 20 000g, 
and resuspended in a small volume of cold water and 
poured into 10 vol. of acetone at -20°. After several 
changes of cold acetone the bacteria were dried in vacuo 
over H,SO, and stored at 0°. 

Materials for analysis. Samples of extraction products 
for analysis were thoroughly dialysed against distilled 
water at 0°-2° and dried from the frozen state. They were 
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further dried to constant weight in vacuo at 78° before 
making into aqueous solutions of known concentration. 

Total nitrogen. This was determined by the Kjeldahl 
method with the distillation apparatus of Markham (1942) 
and the mixed bromocresol green—methy] red indicator of 
Ma & Zuazaga (1942). 

Phosphorus. This was determined on samples containing 
5-30 ug. of P by a modification of the method of Fiske & 
Subbarow (1925). 

Sugars. Glucosamine was estimated by a modification of 
the colorimetric method of Elson & Morgan (1933), and 
aldoheptose by the H,SO,-cysteine reaction of Dische 
(1953). Total reduction was measured by the copper 
method of Somogyi (1937). 

Chromatography. Polysaccharide samples were hydro- 
lysed in sealed ampoules at 100° with n-H,SO, for 15 hr. 
and neutralized with Ba(OH),. The neutral salt-free 
solutions were evaporated to dryness in vacuo and re- 
dissolved at suitable concentrations for application to 
paper chromatograms. Whatman no. 1 paper was used 
with a variety of solvent systems; papers were sprayed 
with Ehrlich’s reagent (Partridge, 1948) to reveal hexos- 
amine, or with anisidine hydrochloride in water-saturated 
butanol (Hough, Jones & Wadman, 1950) which dis- 
tinguishes by colour the different classes of sugars. 

Nucleic acid. The nucleic acid content of extraction 
products was estimated by measuring in a Unicam ultra- 
violet spectrophotometer the absorption at 260 mp. of 
the material dissolved in 0-05N-NaOH. A purified pre- 
paration of ribonucleic acid was used as a standard for 
reference. 

Ultracentrifuging. Preparative ultracentrifuge runs were 
made in a Spinco Model L Ultracentrifuge at 2-4°. Figures 
quoted for the force in g refer to the force exerted at the 
centres of the tubes and represent average values. An- 
alytical ultracentrifuge runs were carried out in a Spinco 
Model E machine. 

Electrophoresis. Examinations were made in a Spinco 
Elecirophoresis-Diffusion Iustrument Series 10 by 
standard techniques. 

Antisera. Antisera were produced in rabbits by the 
intravenous injection of organisms or extraction products 
suspended or dissolved in sterile saline. Injections were 
given twice weekly until the examination of serum samples 
by techniques to be described indicated that the required 
antibodies had been formed. 

Precipitation reactions in solid media. Antigens and 
antisera were examined by the agar-diffusion precipitin 
technique of Ouchterlony (1948, 1953) modified as de- 
scribed by Crumpton & Davies (1956). 

Tube precipitation. Precipitation reactions in fluid 
medium were carried out in a volume of 0-5 ml., antigen or 
hapten solution (0-25 ml.) being added to an equal volume 
of antiserum. Tubes were incubated at 37° for 1 hr. and 
read after standing at 0° overnight. 

Toxicity and animal-protection tests. These were carried 
out by techniques described by Crumpton & Davies (1956). 

Pyrogenicity. Rabbits were injected intravenously with 
test material dissolved in pyrogen-free water, and rectal 
temperatures were recorded at intervals with a clinical 
thermometer inserted always to the same distance. 
Control animals were injected with pyrogen-free water and 
their temperatures were similarly recorded. Animals 
weighed 2-0-2-2 kg., and results are given in terms of temp. 
for weight of material injected/kg. of rabbit weight. 
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EXPERIMENTAL AND RESULTS 


Extraction of polysaccharide 


Preliminary extracts. An analysis of saline 
extracts of Past. pestis cells revealed that they were 
composed largely of protein, and that the isolation 
of the polysaccharide they contained might present 
some difficulties. Four batches of acetone-dried 
cells (strain TS), each weighing 10 g., were there- 
fore extracted by different methods. Very little 
carbohydrate was found in the acetone-precipitated 
product of diethyleneglycol extraction (Morgan, 
1937; Morgan & Partridge, 1940, 1941; Davies et al. 
1954). The results of extraction with 50% (v/v) 
aqueous pyridine (Goebel et al. 1945) or 50% (v/v) 
aqueous glycerol (Binkley, Goebel & Perlman, 
1945) were not encouraging. The product of phenol 
extraction by the method of Westphal, Liideritz & 
Bister (1952a) represented about 1 % of the dry wt. 
of the cells used and contained N, 4%, and P, 1%; 
this was largely composed of polysaccharide. 


Phenol extraction. To remove the readily soluble protein 
before proceeding to the extraction of polysaccharide, 
acetone-dried cells of strain TS (120 g.) were suspended in 
2-5% (w/v) saline (1800 ml.) at 20° and stirred for 24 hr., 
toluene being added to prevent mould and _ bacterial 
growth. The suspension was centrifuged at 20 000g and 
the supernatant solution dialysed and freeze-dried (extract 
PIA). The sedimented cells, resuspended in saline, were 
re-extracted twice for periods of 24 and 12hr., the ex- 
tracted materials (PIB, PIC) being recovered by dialysis 
and freeze-drying. These products, some data for which are 
shown in Table 1, were set aside for the isolation of the 
proteins they contained, which will be described in sub- 
sequent communications. 

The residue remaining after saline extraction proved to 
be composed of intact cells, although 28 % of their original 
dry wt. had been removed. This cell residue was suspended 
in water (250 ml.) and warmed to 65°, and an equal vol. of 
90% (w/v) aqueous phenol at 65° was added; the mixture 
was stirred for 45 min. and cooled to 0°, whereupon a 
separation of water and phenol phases occurred which was 
hastened by centrifuging. The clear aqueous phase was 
removed and the addition of 3 vol. of ethanol at -— 10° to 
the solution precipitated most of the material it contained; 
only a small fraction with a high N content was recovered 
from the 3 vol. of ethanol supernatant fluid. On redis- 
solving the fraction which had been precipitated by 3 vol. 
of ethanol, a very opalescent aqueous solution was obtained 
from which nearly all of the material was precipitated by 
the addition of 1 vol. of cold ethanol. Examination of the 
ultraviolet-absorption spectrum of a sample of the material 
revealed the presence of nucleic acid. To the redissolved 
50% (v/v) ethanol precipitate at 0° cold HCl was added, to 
pH 2; this precipitated some material which on recovery 
proved to be very largely composed of nucleic acid. The 
fraction soluble at pH 2 after neutralization, dialysis and 
freeze-drying contained N, 22% and P, 2-1% Material 
recovered from the phenol phase (PIR) was poorly 
soluble and consisted mainly of denatured protein (see 
Table 1). 
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Materials extracted from Pasteurella pestis cells (strain T'S, 120 g.) with saline (2-5 %) and with 


phenol (45%). Fractions PIR and PIR 1 are derived from the phenol and aqueous phases respectively 


extraction Wt. 
Extract (hr.) (g-) 
Saline 
PIA 24 27-5 
PIB 24 4-6 
PIC 12 1-3) 
Phenol 
PIR ) 7K le 
PIRI | _—_ {28 2. 





Period of 


Mouse LDspo (ug.-) 


N rE and 95% confidence 
(% %) limits 
|e 1-7 22....29...96 
13-4 1-7 10...13...16 
{12-0 1-1 7...9...12 
13-7 0-5 150 
2-2 21 Over 500 


Table 2. Materials obtained from phenol extracts of Pasteurella pestis cells by fractionation with ethanol. 
Fractions PER 11 to PER 13 derived from the first, PER 22 and PER 23 from the second phenol extract 


Ethanol Wt. 
%) Fraction (g-) 
0-15 PERII 4:5 
15-50 PER 12 1-5 
Over 50 PER13 0-07 
0-66 PER 22 0-74 
Over 66 PER 23 0-43 


After freeze-drying, the material which had remained in 
solution at pH 2 proved to be poorly soluble in water and 
even less soluble in the presence of salt. It gave a strong 
Mélisch reaction but was biuret-negative; some absorption 
at 260 my. indicated the presence of about 3% of nucleic 
acid. When tested against an antiserum prepared in rabbits 
by injecting Past. pestis cells (strain TS grown at 20°) the 
preparation precipitated at a dilution of 1 in 5 million; no 
precipitation occurred with normal serum below a dilution 
of 1 in 100, and the precipitation at this level appeared to 
be due to the poor solubility of the substance. Mild hydro- 
lysis of a sample of this material (PIR1) resulted in the 
separation of a chloroform-soluble lipid, leaving a simple 
polysaccharide in solution. The original substance was 
thus shown to be a lipopolysaccharide. 


Larger-scale extraction and purification 
of lipopolysaccharide 

Cells of strain TS grown at 37° (500 g.) were divided into 
two equal parts and both handled in the following way. 
Cells were extracted successively for 6, 12 and 24 hr. 
periods with 2-5 % (w/v) saline at 20° and the extracts were 
preserved for the examination of the protein antigens they 
contained. The sedimented cells remaining after the third 
saline extraction were resuspended in 1 1. of distilled water 
and extracted twice with phenol at 65° according to the 
method of Westphal et al. (1952a) already described. The 
first and second extracts of each batch (aqueous phases) 
were kept separately (PER 1 and PER2, PFR1 and PFR2). 

To avoid subjecting the material to acid conditions 
nucleic acid was removed from fraction PER1 by ethanol 
fractionation. To the material dissolved in cold water 
(800 ml.) ethanol at — 10° was added, and with 15% (v/v) 
of ethanol a flocculent precipitate was obtained. The 
further addition of ethanol to the supernatant solution 
caused this to become progressively more opalescent until, 


Heptose estimated 


Nucleic as D-glycero-p- 
N P acid galactoheptose 
(%) (%) % (%) 
1-6 2-4 Nil 28 
2-0 3-0 20 18 
9-1 2-4 12 5 
2-7 2-6 10 20 
5-7 1-8 10 5 


with 50% (v/v) of ethanol, a flocculent precipitate again 
appeared (PER12). A small fraction (PER13) having a 
relatively high N content was recovered from the 50% 
ethanol supernatant fluid by evaporation, concentration 
in vacuo at 16°, dialysis and freeze-drying. The 15% (v/v) 
ethanol precipitate was redissolved and _ reprecipitated 
twice at the 15% (v/v) ethanol conen., dialysed and freeze- 
dried (PER 11). 

At this stage the tipopolysaccharide was found to contain 
an aldoheptose sugar (see below). Relative estimates of the 
amounts of heptose in different fractions could readily be 
obtained, and the increase in heptose content was used to 
follow the purification of the polysaccharide. Analytical 
data for some of the fractions obtained are shown in 
Table 2. 

The second extract of the first batch (PER2) was dis- 
solved in water (400 ml.), cooled to 0°, and ethanol at 
— 10° was added to give a conen. of 15% (v/v). Unlike the 
behaviour of the first extract no precipitation occurred at 
this conen., but a flocculent precipitate was recovered after 
2 vol. of ethanol had been added (PER 22). The material 
remaining in the 2 vol. of ethanol supernatant fluid was 
also recovered (PER23). Fraction PER22 was repre- 
cipitated between 15 and 66% (v/v) ethanol concentration 
before recovery. 

Whereas a separation of lipopolysaccharide (PER 11) 
from nucleic acid had been achieved with the product of 
the first extract, this was not the case in the second 
(Table 2). Accordingly, material PER22 dissolved in 
water (250 ml.) was centrifuged at 100 000 g for 4 hr. and 
the supernatant fluid was removed. The sediment was re- 
dissolved in the original volume of water and centrifuged 
in the same way a second time. The combined supernatant 
solutions yielded nucleic acid with a small amount of 
polysaccharide, whereas the sedimented fraction did not 
contain detectable amounts of nucleic acid. 
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Extracts PFR1 and PFR2 were precipitated twice with 
2 vol. of ethanol and freed from nucleic acid by the method 
of high-speed centrifuging as employed for PER22. The 
lipopolysaccharides (PER22 and PFR22) obtained from 
the two second phenol extracts did not differ in any 
analytical or serological property from those of the two 
first extracts, and the reason for their different behaviour 
during ethanol fractionation was judged to be due to 
differences in particle size. Accordingly, these four 
fractions, which had been freed from nucleic acid, were 
pooled and designated PR.1; this weighed 10 g. and repre- 
sented a 2% yield from the bacteria. 


The material PR1 was almost insoluble in the 
presence of salt and only poorly soluble in distilled 
water. At 1% (w/v) concentration a cloudy 
viscous solution was obtained and when a sample 
of this was examined in the analytical ultracentri- 
fuge a sharp peak which sedimented rapidly was 
preceded by an accumulation of material on the 
bottom of the cell. A sample of PR1 (3 g.) was 
suspended in distilled water (600 ml.) and allowed 
to soak for 1 week with occasional shaking, and 
centrifuged at 12 000g for 1 hr. The supernatant 
solution (PR1a), after samples had been dried to 
constant weight to estimate its concentration, was 
adjusted to 1% (w/v) of total solids after evapora- 
tion under reduced pressure at 16°. The sedimented 
fraction (PR 1b) after recovery by freeze-drying did 
not differ analytically from that which remained in 
solution but was evidently of larger particle size. 
Freeze-dried samples of the more soluble fraction 
PRla were again poorly soluble when shaken in 
water. Accordingly, the material PR 1a which had 
been preserved in solution was regarded as a 
representative sample of PR.1 for use in all experi- 
ments which involved optical methods of analysis. 


Examination for immunological homogeneity 


When cells of Past. pestis (strain TS) grown at 
37° were tested against their homologous antiserum 
by the agar-diffusion precipitin technique of 
Ouchterlony (1948, 1953) at least ten lines of pre- 
cipitation could be demonstrated, nearly all of 
which were shown to be due to different antigens 
of this organism (Crumpton & Davies, 1956). The 
majority of these lines were due to protein antigens, 
many of which because of their relatively sharp 
flocculation zones gave sharply defined lines. The 
lipopolysaccharide PR 1a precipitated over a wide 
range of serum dilutions (see below) and gave a 
rather poorly defined zone. This could not readily 
be detected underlying the pattern of lines pro- 
duced when whole organisms were examined by 
this method. 

In Fig. 1 a photograph shows an agar-diffusion 
plate in use as a test for immunological homo- 
geneity according to the technique described by 


Crumpton & Davies (1956). The reservoir A 
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contains acetone-dried cells (10mg.) of Past. 
pestis (strain TS) grown at 37°; reservoir B contains 
a serum prepared by immunizing rabbits with 
living cells of this strain. Between these 2 reser- 
voirs ten lines of precipitation appeared; some of 
these can be seen but others were not clear enough 
to appear on the photograph. The lipopolysac- 
charide PRla (3 mg.) contained in reservoir C 
gives only one line when reacting with the complex 
antiserum in reservoir B, which shows that the 
material contains only one of the specific substances 
(antigen or hapten) which this organism produces. 
It has been found that as little as lug. of some 
Past. pestis antigens can be detected on diffusion 
plates under these conditions with the serum used 
in this instance, which demonstrates that less than 
1 part in 3000 of such a contaminating material 
could be present in PR la. 

A more exacting test is illustrated on the same 
photograph (Fig. 1). Two rabbits were injected 
intravenously with fraction PR1: two injections 
were given each week for 5 weeks, 0-25 mg. being 
injected on each occasion. No antibodies of any 
kind could be demonstrated in these sera, showing 
that the lipopolysaccharide is a hapten and that 
the sample was free from detectable amounts of 
contaminating antigens. An antigen having the 
specificity of the polysaccharide was made in the 
following way. A sample of PR1 (3 ml.; 1%, w/v, 
in water) which was viscous and cloudy was added 
to 1 ml. of a 1% (w/v) solution of the conjugated- 
protein component of the ‘O’ somatic antigenic 





Fig. 1. Agar-diffusion precipitin pattern of Past. pestis 
cells and lipopolysaccharide. Reservoir A, cells of 
Past. pestis (TS) grown at 37° (10 mg.); reservoir B, a 
homologous antiserum (0-2 ml.); reservoir C, purified 
lipopolysaccharide (3 mg.); reservoir D, specific anti- 
polysaccharide serum (0-2 ml.). 
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complex of Shigella dysenteriae (Partridge & 
Morgan, 1940; Morgan, 1943; Davies & Morgan, 
1953) dissolved in 0-05N-NaOH. The mixture was 
allowed to stand at 20° for several hours, after 
which time it was no longer viscous, but had be- 
come a stable opalescent solution. Dilute HCl was 
added to pH 4 and the solution was centrifuged. 
A trace of insoluble residue which sedimented was 
removed and the supernatant solution was neutral- 
ized to pH 7. It will be noted that both of the 
reagents were acid-insoluble materials. The artificial 
complex was used to immunize three rabbits, 
0-25 mg. being injected twice weekly. After four 
injections antibodies appeared in each, which pre- 
cipitated with the lipopolysaccharide hapten; six 
further injections were given and one of the sera 
then obtained was placed in reservoir D (Fig. 1). 
This serum can be seen to give only one line when 
reacting with whole Past. pestis cells (reservoir A) 
and one line when reacting with lipopolysaccharide 
(reservoir C). The arc formed on the right of the 
plate demonstrates the specific identity of the 
antibody reacting from the complete and uni- 
valent sera. 

It is clear from these tests that the lipopoly- 
saccharide shows no evidence of immunological 
inhomogeneity, but the presence of serologically 
inactive contaminants cannot be detected by these 
tests. 


Examination for physical homogeneity 


Uliracentrifuge. Because of the poor solubility 
of the lipopolysaccharide in the presence of salt 
a sample of fraction PR 1a was examined in water, 
in the belief that like other lipopolysaccharides 
(Davies, Morgan & Record, 1955) the preparation 
would not be highly charged. At 0-8 % (w/v) con- 





(a) (b) 


Fig. 2. Sedimentation patterns of Past. pestis polysac- 
charide preparations. Force, 260 000g, migration from 
right to left. (a) Lipopolysaccharide PR 1a, 0-2% (w/v) 
in water; exposure at 4 min. (b) Past. pestis lipopolysac- 
charide—‘Shiga’ conjugated-protein complex, 1% (w/v) 
at pH 7-0 (phosphate—NaCl, J =0-2); exposure at 12 min. 
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centration a sharp peak sedimented rapidly but 
was preceded by a small amount of material 
accumulating on the base of the cell. It seemed 
likely, in view of the method by which fractions 
PRla and PR1b were separated, that the most 
rapidly sedimenting substance was itself composed 
of lipopolysaccharide which had not been truly in 
solution. At 0-2 % (w/v) concentration in water the 
material gave what appeared to be a true solution, 
and a photograph obtained in this run is shown 
in Fig. 2a. No evidence of inhomogeneity can be 
seen. The sedimentation coefficient has not been 
measured but the particle size is evidently very large 
and of a similar order to that of the ‘O’ somatic 
antigen of Sh. dysenteriae (Davies et al. 1954). 

The soluble complex obtained by combining 
fraction PR1 with the ‘Shiga’ conjugated protein 
contained 85% of its weight of lipopolysaccharide 
and 15% of the protein, these figures having been 
calculated from the N and P contents of the 
starting materials and product. This complex, dis- 
solved in phosphate buffer at pH 7:0 ([=0-1, and 
containing 0-1M-NaCl) was examined in the ultra- 
centrifuge at 1% (w/v) concentration. Two major 
components were revealed and a third was present 
in small amount (Fig. 26); none of these appeared 
to represent either of the reactants. A similar 
picture had previously been obtained with the 
undegraded polysaccharide and conjugated protein 
of Sh. dysenteriae, both of which had been shown to 
satisfy the usual criteria of physical homogeneity 
(Davies, unpublished observations). The meaning 
of these results is not yet understood. 

Electrophoresis. Material PR1 could not be 
examined by electrophoresis because of its insolu- 
bility in salt solution. A sample of Past. pestis lipo- 
polysaccharide—‘ Shiga’ conjugated-protein com- 
plex, which had been shown to be immunologically 
homogeneous but to have slight dispersion in the 
ultracentrifuge, was tested, however, at 0-8% 
(w/v) concentration in phosphate—NaCl buffer, 
pH 7:0 ([=0-2). The ascending and descending 
boundaries are shown in Fig. 3a and b respectively. 
Tracings from the photographic plate were neces- 
sary as the print reproduced inadequately the 
complete refractive-index-gradient curve because 
of opalescence. The absorption boundary was 
coincident with the main component boundary and 
examination of the ascending (anode) limb pattern 
did not reveal the presence of any faster-moving 
component. Similarly, the descending (cathode) 
limb pattern did not reveal the presence of any 
slower-moving component. Examination of the 
boundary shows an asymmetry which suggests 
that more than one component may have been 
present. A small disturbance on the leading edge of 
the ascending boundary is almost certainly due to 
a rather poor initial boundary. 
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= (b) 

Fig. 3. Electrophoresis diagrams of Past. pestis lipopoly- 
saccharide— Shiga’ conjugated-protein complex, 0-8% 
(w/v) at pH 7-0 (phosphate—NaCl, J =0-2); exposure at 
10 hr.; potential gradient 1-83v/em.-!. (a) Anode 
(ascending) limb; (b) cathode (descending) limb. Direc- 
tion of migration shown by arrows; position of initial 
boundary shown by intercept on arrows. 


Chemical composition 


Analytical figures obtained with fraction PR1 
were C, 45; H, 7-6; N, 1-6; total P, 2-2; S, nil; 
acetyl, nil. The material PR 1ahad [«]?? = + 48° + 2° 
in water (c, 0-5%, w/v) and the viscosity of a 
1 % (w/v) aqueous solution at 20° was 4-0 relative’ 
to water at the same temperature. The reducing 
value (Somogyi), calculated as glucose, on hydro- 
lysing with 0-5N-HCil rose to a maximum of 
30% in 6hr. but reached 26% (87% of the 
final figure) in 2 hr. Hexosamine was estimated 
to compose 15% of the material; the absorp- 
tion spectrum of the pink chromogen in the 
Elson—Morgan reaction showed a maximum at 
535 mu. with a slight asymmetry at 550 mp. which 
agreed with that found with an authentic sample of 
glucosamine. 

Component sugars. When examined by paper 
chromatography, hydrolysates of fraction PR1 
gave two spots with butanol—pyridine—water 
(3:2:1-5) as solvent. One of these gave positive 
reactions with anisidine, ninhydrin and Ehrlich’s 
reagent and corresponded in position and colour 
with glucosamine; it differed clearly from a 
standard galactosamine spot. The second spot ran 
in the position of glucose both in this solvent 
system and in phenol. The colour of this spot when 
sprayed with anisidine was not, however, typical of 
that given by glucose. A sample of lipopolysac- 
charide (250 yg.) was therefore examined by the 
H,SO,-cysteine reaction and a strong absorption 
was found with a maximum at 505 my. which is 
characteristic of aldoheptose sugars (Fig. 4). 

A number of synthetic heptose sugars were 
examined on paper chromatograms, but none of 
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Fig. 4. Absorption spectra of Past. pestis polysaccharide 
fractions (250 yg.) after treatment with H,SO,-cysteine: 
readings at 22 hr. O, Lipopolysaccharide; @, degraded 
polysaccharide. The absorption maximum at 505 mu. is 
due to aldoheptose sugar. 


them corresponded in position to that of the un- 
known sugar in all of the solvent systems tried. The 
heptoses from which the unknown was thus shown 
to differ were: D-glycero-L-galacto-, p-glycero-p- 
galacto-, »-glycero-u-gluco-, »D-glycero-D-allo-, b- 
glycero-D-gulo-, »D-glycero-L-manno-, 
ido-, and D-glycero-L-talo-heptoses. The unidentified 
aldoheptose which would appear to be one not 
previously found in nature will be described in a 
later paper. 

The absorption curve illustrated in Fig. 4 also 
shows a maximum at 415 mu. which is not given by 
either pure aldoheptose sugars or hexosamines but 
is characteristic of hexoses. This is thought to be 
due to glucose, since no other hexose could be 
detected on paper chromatograms and this sugar 
would have been obscured by the larger amount of 
heptose present and occupying the same position. 
The amount of glucose which would account for 
this absorption is approx. 12 % of the weight of the 
material. 

Degradation of the lipopolysaccharide. A sample 
of PRI (1-6 g.) was heated for 4hr. in 1% (v/v) 
acetic acid at 100° in an atmosphere of nitrogen gas 
(Morgan & Partridge, 1940). A brown flocculent 
precipitate was recovered by centrifuging, and was 
washed once with dilute acetic acid and once with 
water, and the washings were added to the original 
acid-soluble fraction. The insoluble fraction was 
freeze-dried and weighed, 735 mg. of it representing 
46% of the weight of the starting material. A 


D-glycero-D- 
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small part of this dissolved in ether. The ether- 
insoluble part was extracted with chloroform and 
the chloroform solution was centrifuged to remove 
some brown sediment; from the supernatant 
600 mg. of material was recovered, which contained 
N, 1-7% and P, 2:2%. 

The acid-soluble fraction was centrifuged at 
15 000g for 30min. and a small amount of in- 
soluble material was removed. The supernatant 
solution was concentrated under reduced pressure 
at 16° to about 50 ml. and poured into 10 vol. of 
cold ethanol. The precipitated fraction was re- 
dissolved in water and precipitated by the addition 
of 6 vol. of cold ethanol, redissolved, extracted 
with chloroform, centrifuged at 20 000g for 1 hr. 
and the supernatant solution freeze-dried. The 
degraded polysaccharide thus obtained weighed 
595 mg. and contained N, 1%, and P (organic), 
0-3%. When a sample of this polysaccharide was 
tested by the H,SO,—cysteine reaction the absorption 
at 505 mu. indicated that the heptose content of the 
degraded material was twice that of the lipopolysac- 
charide from which it was derived (Fig. 4). The actual 
amount of heptose present could not be determined 
since different aldoheptose sugars give different 
amounts of absorption in the test; it appeared, 
however, that heptose accounted for more than 
half of the weight of the degraded polysaccharide. 

The degraded polysaccharide failed to be pre- 
cipitated when tested with sera known to contain 
antibodies corresponding to the lipopolysaccharide, 
and examination of a sample in the analytical 
ultracentrifuge showed the material to be of such 
low molecular weight that it failed to resolve as a 
peak from the meniscus on running for 2 hr. at 
260 000 g. In order to determine whether failure 
to give specific precipitation was due to the low 
molecular weight or to a loss of some essential 
part of the molecule during hydrolysis, a further 
sample was hydrolysed for the minimum time 
necessary to separate the phospholipid and poly- 
saccharide moieties. This sample was heated in 
0-01N-HCl for 30min. and the products were 
recovered as previously described. The degraded 
polysaccharide had the same N and P contents as 
the original sample and had [«]}/= +58+2° in 
water (c, 1%, w/v). Reduction (Somogyi) measured 
on samples of the polysaccharide without further 
hydrolysis gave a figure of 1-64% calculated as 
glucose, from which a maximum molecular weight 
of the order of 11000 can be deduced. If the 
reducing end-groups of the polysaccharide chains 
were glucosamine residues the molecular weight 
would be close to this figure; if heptose residues 
comprised the reducing end-groups the figure would 
be somewhat higher, since the heptoses which have 
been tested all give a lower reducing value than 
glucose under the conditions used. 
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This second sample of degraded polysaccharide 
failed to precipitate with a specific polysaccharide 
antiserum but its specific determinant groups had 
not been destroyed (see below). 


Lipopolysaccharide in different 
Pasteurella pestis strains 


Two different rough variants of Past. pestis strain 
TS were described by Schiitze (1939) which he 
called TSR and TRU; these gave large and small 
rough colonies respectively. The antigenic differ- 
ences between these two strains and between these 
and the smooth parent strain (TS) are described by 
Crumpton & Davies (1956). The nature of these 
differences suggested that neither of the rough 
forms was analogous to the rough forms found 
among species of the Enterobacterioaceae. In 
order to obtain more information on this point 
batches of acetone-dried cells of strains TSR and 
TRU were extracted with saline and subsequently 
with phenol as described above, and in each case 
a lipopolysaccharide was obtained which could not 
be distinguished from the product of the smooth 
form. 

Biological properties 


Antigenicity. It has already been stated that 
when ten injections of purified lipopolysaccharide, 
each of 250 ug., were given to rabbits no antibodies 
(agglutinins or precipitins) could be detected in the 
sera obtained; thus it is clear that the lipopoly- 
saccharide is a hapten. When combined with 
‘Shiga’ conjugated protein, however, polysac- 
charide specific antibodies could readily be ob- 
tained. When such antisera were tested against 
conjugated protein alone, either on diffusion plates 
or by the tube precipitation method with a series of 
dilutions of the conjugated protein, no reaction 
could be detected. 

Serological reactions. Specific anti-polysaccharide 
sera failed to agglutinate Past. pestis cells of strain 
TS grown at 20° or 37°, neither did they aggluti- 
nate cells of Past. pseudotuberculosis. 

The lipopolysaccharide precipitated at a dilution 
of 1 in 5 million when tested against sera prepared 
by immunizing rabbits with the artificial antigenic 
complex, with Past. pestis cells of strain TS grown 
at 20° or with cells of strain TRU grown at 37°. 
A weaker reaction (titre 1 in 200000) was obtained, 
using sera prepared by immunizing with TS cells 
grown at 37°. No reaction occurred with an anti- 
Past. pseudotuberculosis serum, nor did a specific 
polysaccharide from a strain of this species (to be 
described in a later communication) precipitate 
with any Past. pestis antisera. 

The degraded polysaccharide obtained by mild 
acid hydrolysis of the lipopolysaccharide was not 
precipitated when tested against the specific anti- 
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polysaccharide sera. A test to determine whether 
the specific determinant groups had been destroyed 
during the hydrolysis was therefore carried out. 
Degraded polysaccharide (5 mg.) was dissolved in 
2ml. of specific anti-polysaccharide serum and 
allowed to stand at 20° for 2 hr.; this mixture and 
a sample of the original serum were tested against 
dilutions of lipopolysaccharide, the tubes being 
kept at 20° for 24 hr. and at 0° thereafter for 2 days. 
The lipopolysaccharide precipitated at a dilution of 
1 in 5 million with the original serum, but com- 
plete inhibition was found in the serum to which 
degraded polysaccharide had been added, there 
being no precipitate in any tube over the range 
tested (1 in 2000 to 1 in 20 million). 

Serum samples from four rabbits taken after 
each of six injections of the antigenic complex were 
tested for the presence of Forssman heterophile 
antibodies (sheep-cell haemolysins). In none of 
these serum samples could Forssman antibodies be 
detected. 

Toxicity. Unlike the lipopolysaccharides ob- 
tained from species of the Enterobacteriaceae 
which have a toxicity in mice of the order of 
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Fig. 5. Effect of intravenous injections of Past. pestis 
lipopolysaccharide (PR1) on the body temperature of 
rabbits. 
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LD;9= 100 pg., and which are generally even more 
toxic for rabbits, the Past. pestis product killed 
mice only when 5-10 mg. was injected. The LD,, 
value in guinea pigs was approx. 2 mg. and in the 
rabbit approx. 5 mg. 

Pyrogenicity. The lipopolysaccharide, although 
relatively non-toxic, was, like the lipopolysac- 
charides and ‘O’ somatic antigens of the Entero- 
bacteriaceae (Westphal, Liideritz, Eichenberger & 
Keiderling, 19526), strongly pyrogenic. The body 
temperature of control rabbits observed during 
these tests varied only between the limits of 39° 
and 39-5°. As little as 7ymg./kg. of rabbit wt. 
injected intravenously gave a marked response, the 
temperature rising to 40-6° in 2 hr. Larger doses 
only resulted in pyrexia being maintained for 
longer periods. Some typical results are shown in 
Fig. 5. When 500yg./kg. of rabbit wt. was ad- 
ministered the body temperature remained over 
40-5° for over 24 hr., fell to 40° during the second 
24 hr. and returned gradually to normal during the 
third day. The injection of a lethal dose (10 mg.) 
resulted in a sustained high temperature for 24 hr. 
and a steady fall over the following 12 hr. to 
the subnormal value of 36-5° when the animal 
died. 

Protection tests. No protection against plague 
infection was afforded by immunization of either 
mice or guinea pigs with Past. pestis lipopoly- 
saccharide—‘Shiga’ conjugated-protein antigen, 
neither was any passive protection imparted to 
these animals by injecting rabbit anti-Past. pestis 
polysaccharide sera of high titre. 


DISCUSSION 


Possibly the reason why no Past. pestis specific 
polysaccharide has previously been purified and 
characterized is that this organism surrounds itself 
with unusually large amounts of protein. Saline 
extraction removes nearly 30 % of the bacterial dry 
weight without lysing the cells, and from the 
analytical figures for these extracts and the finding 
that they contain no significant amount of nucleic 
acid it is clear that they are largely protein in 
nature. This protein, much of which is related to 
the envelope, is present not only in the smooth 
strains but also in some of the rough forms (strains 
of the TSR type). It is now clear why some in- 
vestigators have failed to extract anything with the 
protein precipitant trichloroacetic acid. The phenol 
method of extraction (Westphal et al. 1952a) is 
valuable under these conditions because protein 
passes into solution in the phenol phase. It is still 
advisable, however, to remove the bulk of the 
protein by saline extraction to facilitate the separa- 
tion of phenol and water phases, although some 
polysaccharide may be lost in the saline extracts. 
Bioch. 1956, 63 
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The poor solubility of the material extracted is 
due to a very high lipid content. Because of this 
and for purposes of antibody production it is an 
advantage to extract this type of material with 
some protein attached, as has been done with many 
Gram-negative species. In Past. pestis this has not 
been achieved. The primary extraction product in 
the phenol-saturated water phase is soluble, but 
after precipitation with organic solvents and more 
especially after freeze-drying this solubility is lost. 
This lack of solubility makes examination for 
physical homogeneity extremely difficult, though 
a fraction has been obtained which, when examined 
in the analytical ultracentrifuge in salt-free water, 
showed no evidence of inhomogeneity. A soluble 
antigen could readily be obtained by combining the 
lipopolysaccharide with ‘Shiga’ conjugated pro- 
tein, but although the artificial antigen was shown 
to be immunologically homogeneous, the physical 
examination revealed a complex pattern which 
could not be interpreted. It could be deduced 
from the known properties of the reactants that 
neither of them was responsible for any of the 
three components shown by ultracentrifugal 
analysis to be present in the antigenic complex. 

The lipopolysaccharide was free from protein and 
nucleic acid so far as could be shown by chemical 
Degraded polysaccharide, which itself 
showed no evidence of inhomogeneity, and 
chloroform-soluble phospholipid accounted for 
nearly all of the weight of the material. Acid hydro- 
lysis results in a degraded polysaccharide of rather 
low molecular weight which probably accounts for 
the failure of the degraded material to give specific 
precipitation; its ability to inhibit precipitation 
of the lipopolysaccharide shows that its specific 
determinant structure has not been lost. 

The aldoheptose sugar which appears to account 
for most of the weight of the degraded polysac- 
charide is an unusual feature. However, since 
simple methods have been developed by which 
heptose sugars can be recognized, several heptoses 
have been detected as components of bacterial 
polysaccharides (Jesiatis & Goebel, 1952; Slein & 
Schnell, 1953; Weidel, Koch & Bobosch, 1954; 
Davies, 1955). 

With the agar-diffusion precipitin technique of 
Ouchterlony (1948, 1953) the line of precipitation 
due to the specific Past. pestis polysaccharide is 
difficult to detect underlying the complex line 
pattern produced when most strains are tested 
against Past. pestis antisera. It can be detected 
readily, however, when certain strains (e.g. TRU) 
which contain fewer antigens are tested (Crumpton 
& Davies, 1956). This technique is valuable as a 
test for immunological homogeneity and also as 
a method for following the purification of antigens, 
more especially when these are proteins. 
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It is known (Davies et al. 1954) that as little as 
lug. of a somatic ‘O’ antigen (protein—polysac- 
charide—phospholipid complex) is_ sufficient to 
induce an antibody response in rabbits. From the 
amount of Past. pestis lipopolysaccharide which 
was injected into rabbits (10 x 250yug.) without 
inducing any response it is clear that the material 
is not antigenic. Anti-polysaccharide sera could 
readily be produced by using the artificial complex 
with ‘Shiga’ conjugated protein. 

Specific anti-polysaccharide sera failed to aggluti- 
nate cells of any smooth Past. pestis strains, no 
doubt because of the protein present on the cell 
surface. Rough strains could not be tested because 
of their instability when suspended in normal salt 
solution. When the lipopolysaccharide was tested 
by precipitation with various Past. pestis antisera, 
those sera prepared by immunization with cells 
grown at 20° gave a higher titre than when cells 
grown at 37° had been used. This can be accounted 
for by the fact that the envelope of Past. pestis is 
not formed in significant amounts when the cells 
are grown at 20°, thus making the underlying 
polysaccharide more readily available to the rabbit 
antibody-forming system. When tested with anti- 
TRU (grown at 37°) sera, however, a high precipitin 
titre was found because this strain possesses no 
envelope even when grown at 37°. 

Since the specific polysaccharide could be ex- 
tracted from rough and smooth strains, it can be 
analogous to neither the smooth ‘O’ somatic 
antigens which have been extracted from species of 
the Enterobacteriaceae nor the lipopolysaccharides 
derived from these ‘O’ antigens. This agrees with 
the deduction of Schiitze (1932) that Past. pestis is 
basically a rough organism, although many strains 
are smooth in appearance. 

The lipopolysaccharide is unusual in being 
relatively non-toxic, but a non-toxic ‘antigéne 
glucido lipidique’ was obtained from Past. tularensis 
by Girard & Gallut (1951). A separation of toxic 
(killing) and pyrogenic activities has not pre- 
viously been observed with this type of material. 
Westphal, Liideritz, Eichenberger & Keiderling 
(19526) who used a lipopolysaccharide pyrogen 
obtained from Escherichia coli found a sharp drop 
in body temperature on the injection of 10 yg. or 
more of their material into rabbits; this drop was 
not preceded by a temperature rise. At lower doses 
a powerful pyrogenic action was produced. The 
temperature fall found on approaching the lethal 
dose (approx. 20yug.) appeared to be closely 
associated with the cause of death. The Past. pestis 
lipopolysaccharide could be injected in amounts up 
to 5mg. but no temperature fall occurred. When 
a lethal dose (10 mg.) was injected the body 
temperature rose, but gradually fell thereafter as 
the animal died; this fall may have been an effect 
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of approaching death rather than a cause of it. In 
view of this the material is clearly not analogous to 
the endotoxins. 

The polysaccharide preparation obtained by 
Seal (1951) would appear to differ from the one 
now described because it could be extracted only 
from protective strains (those which produced 
envelope material) and appeared to contain 
arabinose. Strain TRU from which lipopolysac- 
charide has now been obtained is non-protective 
and arabinose has not been found. 

The polysaccharide detected by Chen & Meyer 
(1954) in their extracts was precipitated with sera 
prepared by immunization of rabbits with strain 
TRU. This observation suggests that theirs may 
have been the same polysaccharide, although 
strain TRU induces antibodies against at least four 
other antigens (Crumpton & Davies, 1956). 

The polysaccharide does not appear to play 
any part in the protection of mice or guinea pigs 
against plague infection. 


SUMMARY 


1. Acetone-dried cells of Pasteurella pestis have 
been extracted with aqueous phenol (45%, w/v), 
after removal of proteins by saline extraction, and 
a specific lipopolysaccharide has been obtained. 
This was purified by ethanol fractionation and 
ultracentrifuging. 

2. The purified material is poorly soluble in 
water and insoluble in salt solutions. Analysis 
gave 16% N, 2-2% P; [a]?? was +48°; relative 
viscosity at 1% (w/v) in water at 20° was 4-0. 

3. Mild acid hydrolysis released in about equal 
amounts a chloroform-soluble phospholipid and 
a degraded polysaccharide having 1% N, 1% P, 
[x]? + 58°. 

4. The lipopolysaccharide is of very large 
particle size and sediments as one component in the 
analytical ultracentrifuge. The degraded poly- 
saccharide has quite a low molecular weight, 
probably of the order of 10 000—15 000. 

5. The lipopolysaccharide contains glucose, 
glucosamine and an unidentified aldoheptose sugar 
which composes the greater part of the polysac- 
charide moiety. 

6. Immunological homogeneity was demon- 
strated by the agar-diffusion-precipitin technique. 

7. The lipopolysaccharide is a hapten. It can be 
made antigenic by combination with the con- 
jugated-protein component of the somatic antigen 
of Shigella dysenteriae. The degraded polysaccharide 
does not precipitate with specific polysaccharide 
antisera but inhibits the precipitation of the 
lipopolysaccharide with such sera. 

8. The material can be extracted from rough and 
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smooth strains, it is non-protective, relatively 
non-toxic, but strongly pyrogenic. 
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Transmethylation reactions involving the forma- 
tion of methionine from homocysteine have been 
shown to take place in the presence of slices and 
suspensions of liver and kidney from the rat, pig 
and guinea pig (Borsook & Dubnoff, 1947; Dubnoff 
& Borsook, 1948). These tissues contain two 
distinct enzyme systems capable of catalysing the 
transfer of methyl groups to homocysteine, one 
requiring dimethylthetin or dimethyl-f-propio- 
thetin, and the other requiring glycine betaine, as 
the specific methyl donor. Dubnoff & Borsook 
(1948) referred to these enzymes as dimethylthetin 


formed. More recently, Ericson, Williams & 
Elvehjem (1955) have made a further study of the 
betaine transmethylase. 

If the overall chemical changes involved in the 
reactions catalysed by these two enzymes are 
examined, it is evident that, in both cases, the 
methylation of the sulphydryl group of homo- 
cysteine under physiological conditions must result 
in the liberation of a proton, since according to the 
data of Ryklan & Schmidt (1944) the magnitude of 
the pK attributable to the sulphydry] group is such 
that the ionization of the group is small: 


NH?+ NH?+ 
+ + 

HS.CH,.CH,.CH + [CH,],.S.CH,.COy —> CH,.S.CH,.CH,.CH + CH,.S.CH,.CO;+H (1) 

CO; CO; 

NH+ NHt 

/ * + 

HS.CH,.CH,.CH + [CH,],.N.CH,.COz —> CH,.S.CH,.CH,.C + [CH,],.NH.CH,.COry (2) 

COz CO; 


transmethylase and betaine transmethylase re- 
spectively, and showed that they could be dis- 
tinguished from one another by their different 
stabilities in acid solution. They were both found to 
possess a pH optimum in the region of 7-8 and 
to function in anaerobic conditions. The thetin 
transmethylase was able to bring about transfer of 
one methyl group only, per molecule of dimethyl- 
thetin. The action of both enzymes was followed at 
pH 7-4 by colorimetric estimation of the methionine 


In the reaction involving dimethylthetin (re- 
action 1) there are no other changes in the number 
of acid or basic groups initially present. The net 
result is the production of acid, and if the reaction 
be carried out in a bicarbonate medium it should be 
possible to follow it manometrically by the amount 
of CO, evolved. Smythe (1936) has studied the 
non-enzymic alkylation by iodoacetate of cysteine 
and other thiols in a bicarbonate buffer by such 
a procedure. 
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With betaine as the methyl donor (reaction 2), 
however, proton formation is accompanied by the 
production of dimethylglycine, i.e. of an extra 


basic group. In this case, therefore, one would 
expect no production of acid and no evolution of 
CO, in a bicarbonate medium. 

Experiments with rat-liver preparations as 
sources of the two transmethylases have shown 
that the above predictions are in fact correct. The 
action of the thetin transmethylase can be followed 
manometrically in a bicarbonate buffer, whereas 
that of the betaine transmethylase does not in- 
volve any gas exchange. The former enzyme has 
been partially purified by ammonium sulphate 
fractionation and some of its characteristics have 
been examined with the aid of this simplified assay 
procedure. Ericson et al. (1955) have renamed the 
betaine enzyme betaine—homocysteine transmethyl- 
ase. It is suggested that the thetin enzyme be 
termed similarly thetin—homocysteine transmethy]- 
ase, not only to emphasize the nature of the 
methyl acceptor, but also because the enzyme is 
capable of utilizing other thetins, in addition to 
dimethylthetin, as sources of methyl groups 
(G. A. Maw, unpublished observations). A pre- 
liminary account of some of the results in this 
paper has already been published (Maw, 1955). 


MATERIALS AND METHODS 


Materials 


Substrates. Dimethylthetin chloride was prepared by 
heating an equimolar mixture of dimethyl sulphide and 
monochloroacetic acid under gentle reflux for 5 hr. The 
resulting solid was washed with ether and twice recrystal- 
lized from methanol. pL-Homocysteine was prepared from 
DL-homocystine by reduction with sodium in liquid 
ammonia (Riegel & du Vigneaud, 1935-36). 

Preparation of tissue suspensions. Liver (6 g.) from a 
freshly killed male rat (wt. 150-200 g.) was homogenized 
with 24g. of ice-cold 0-0128m phosphate buffer, pH 7-4, 
containing NaCl, KCl and MgSO, (Cohen & Hayano, 1946), 
and filtered through two layers of muslin. Such a prepara- 
tion contained approx. 55 mg. dry wt. of tissue/ml. In the 
majority of experiments it was then centrifuged at 1250g 
in a cold room at 4° for 15-20 min. to remove cell debris 
and other inactive material. The supernatant fraction 
contained approx. 35 mg. dry wt. of tissue/ml. 


Analytical method for following transmethylation 


The liver suspension obtained as described above was 
pipetted into 50 ml. beakers, 1 ml. in each, together with 
2 ml. of a neutralized solution of the thetin chloride and 
2 ml. of pL-homocysteine, both made up in the phosphate 
buffer. Beakers were also prepared containing suspension 
alone, suspension + homocysteine, and suspension + thetin 
chloride, together with sufficient buffer to give a final 
volume of 5 ml. in each beaker. The beakers were placed in 
a thermostat previously described (Maw, 1954) and shaken 
at 36-8° for 2 hr. while being gassed with 100% N,. In 
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a number of experiments the liver suspensions were made 
up in a 0-02m sodium bicarbonate buffer containing the 
same concentrations of NaCl, KCl and MgSO, as the 
phosphate buffer, and the beakers were then gassed with 
a mixture of N, +CO, (95:5, v/v). 

At the end of the 2 hr. period, the beakers were removed 
from the bath, the contents were deproteinized by the 
addition of 1 ml. of 20% (w/v) trichloroacetic acid (TCA) 
and centrifuged at 1250 g for 10 min., after being allowed 
to stand for 30 min. The supernatant was used for methio- 
nine estimations. 


Estimation of methionine 


Certain difficulties were encountered in the estimation of 
methionine under the particular experimental conditions 
employed, and these are discussed in some detail. 

In their transmethylation studies, Dubnoff & Borsook 
(1948) used a modification of the colorimetric method of 
McCarthy & Sullivan (1941) for the estimation of methio- 
nine. They had found previously (Borsook & Dubnoff, 
1947) that the presence of homocysteine can inhibit the 
colour obtained with methionine. The products of demethyl- 
ation of the thetins studied, and also dimethyl-8-propio- 
thetin itself, give colours with the reagents similar to that 
formed by methionine. Dubnoff & Borsook stated that the 
intensity of colour in each case is a constant fraction of that 
produced by equimolar amounts of methionine, and they 
therefore deducted the contributions of these chromogenic 
compounds from the total colour given by solutions in their 
enzyme experiments. 

Effect of homocysteine on colour formation. It has been 
found that homocysteine can inhibit the colour formed with 
methionine by combining at a comparable rate with the 
sodium nitroprusside reagent. A number of other com- 
pounds, including various amino acids, have the same 
effect as shown by Horn, Jones & Blum (1946). When the 
concentration of homocysteine present is below about 
0-01m the depression of colour formation may be com- 
pletely overcome by using sufficient sodium nitroprusside 
to react with both amino acids. This amounts to a final 
concentration of 0-2% in the solution for analysis. When 
the homocysteine concentration is much above 0-01 M it is 
not possible to compensate completely for inhibition of 
colour development, and furthermore, increasing the 
amount of sodium nitroprusside used itself causes a 
diminution of the methionine colour. 

Effect of methylthioacetate and dimethylthetin chloride. The 
methylation of homocysteine by dimethylthetin chloride 
involves the formation of methylthioacetic acid, which 
gives a positive McCarthy-Sullivan reaction. The ratio of 
colour intensities obtained from equimolar amounts of 
methylthioacetic acid and methionine is not strictly con- 
stant, but varies from 0-55 to 0-58 over the concentration 
range 0-0-003M. The need for correcting the observed 
methionine value for the colour due to methylthioacetic 
acid is obviated by removing the latter compound from the 
solution before colour development. This may be achieved 
by ether extraction, since the solution for analysis is 
sufficiently acid at this stage, owing to the presence of the 
excess of TCA. Three extractions with equal volumes of 
ether served to remove methylthioacetic acid completely 
from aqueous solution under these conditions. The ether 
extraction also removed the excess of TCA, so making it 
unnecessary to neutralize the solution before addition of the 
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colour reagents. Neither the process of ether extraction nor 
the presence of ether had any effect on the colour obtained 
with methionine. Ether-extracted solutions occasionally 
became green on addition of sodium nitroprusside and 
NaOH, but this colour was discharged by acidification. 
Dimethylthetin chloride at the concentrations used in these 
experiments had no effect on colour formation and was not 
itself chromogenic. 

Effect of temperature. After the addition of sodium nitro- 
prusside and NaOH, Dubnoff & Borsook kept the solution 
for analysis at 38° for 5-10 min. In the present experi- 
ments, temperature was not found to be a critical factor in 
colour development, maximum colour formation being 
obtained over the range 15-40°. On final acidification the 
solution became noticeably warm, but this was without 
effect on the colour intensity obtained. All estimations 
have therefore been carried out at room temperature 
without regard to temperature control at any stage. 

Procedure for the estimation of methionine. The following 
modification of the McCarthy-Sullivan method was 
employed. The deproteinized solution containing up to 
2mg. of methionine/5 ml. was shaken three times in a 
30 ml. stoppered glass tube with equal volumes of an- 
aesthetic ether, the two layers being allowed to separate 
and the ether layer drawn off each time by means of a 
capillary tube. To 3 ml. of the clear aqueous layer were 
added 2 ml. of water, 0-5 ml. of 2% (w/v) freshly prepared 
sodium nitroprusside and 0-5 ml. of 5N-NaOH; the whole 
was well mixed and allowed to stand for 10 min. Two ml. 
of 89% (w/w) H,PO, (A.R.), sp.gr. 1-75 (Horn et al. 1946), 
was then added slowly with vigorous swirling, the mixture 
was allowed to stand for a further 10 min. and the colour 
which developed was compared with that obtained from 
a control tube containing water in place of the ether- 
extracted sample, with an EEL photoelectric colorimeter 
(Evans Electroselenium Ltd.) and a Chance OG] filter 
(max. transmission 530 myp.). Methionine concentrations 
were read off a calibration curve constructed from a series 
of aqueous L( +)-methionine solutions of known strength. 
This curve was coincident with that obtained from a series 
of methionine solutions containing added homocysteine, 
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dimethylthetin, sodium methylthioacetate and TCA, and 
subjected to ether extraction. 

The iodometric method of estimating methionine of 
Bakay & Toennies (1951) is undoubtedly more sensitive 
than the method described above. However, as samples for 
analysis contain unreacted homocysteine, which also 
reacts with iodine, this particular method becomes im- 
practicable in the experiments described here, unless the 
homocysteine is first removed by some procedure such as 
that of Lavine & Floyd (1954). 


Manometric procedure for following 
transmethylation 


This was carried out in the conventional Warburg 
apparatus. Each flask contained the neutralized substrates 
in 2ml. of the 0-02m bicarbonate buffer described pre- 
viously, with 0-5 ml. of liver suspension or enzyme prepara- 
tion in the side arm. When high concentrations of the 
thetin chloride were used, the compound was first dissolved 
in water, neutralized with NaOH and then an equal 
volume of bicarbonate buffer of twice the required final 
strength was added. The flasks were gassed with N, +CO, 
(95:5, v/v) and, 5 min. after mixing the enzyme with the 
substrates, CO, evolution was measured for a period of 
2 hr. in the case of liver suspensions and for 1 hr. when 
more active preparations were used. The initial reaction 
velocity has been expressed as the volume of CO, liberated 
during the 10 min. period commencing 5 min. after ‘zero’ 
time. 

Homocysteine has frequently been used at a concentra- 
tion of 0-03M, and at this strength is responsible for a con- 
siderable CO, retention amounting to 17% of the gas 
liberated. This retention has been taken into account in 
assessing CO, output, and the assumption has been made 
that the retention due to the methonine formed in the 
reaction is equal to that of the homocysteine being utilized. 
At lower concentrations of homocysteine (e.g. 0-003m) 
there was no measurable retention and none was attribut- 
able to the other compounds used or to the tissue prepara- 
tions, whatever the concentrations employed. 


Methionine formation from DiL-homocysteine in the presence of rat-liver suspensions, 


with dimethylthetin chloride and betaine hydrochloride as methyl donors 


Liver suspensions 4%; substrates 0-003M; saline media, pH 7-4; flasks gassed with either 100% N, or N, + CO, (95:5, 
v/v) according to the nature of the buffer present; length of experiments 2 hr. at 36-8°. The figures represent pg. of 


methionine formed. 


(a) Methyl donor dimethylthetin chloride 


Liver 
Medium alone 
Phosphate-saline 30 


Bicarbonate-saline 


(6) Methyl donor betaine hydrochloride 


Liver 

Medium alone 
Bicarbonate-saline 0 
0 


Liver 
Liver Liver +thetin and 
+ thetin +homocysteine homocysteine 
70 135 745 
_ 185 730 
— 115 820 
—_— 150 840 
Suspension frozen at — 21° 870 
Suspension heated to 100° 130 
Liver 
Liver Liver + betaine and 
+ betaine +homocysteine homocysteine 
0 60 365 
20 130 435 
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RESULTS 
Experiments with rat-liver suspensions 


Methionine formation. The methylation of homo- 
cysteine by dimethylthetin and by betaine in the 
presence of rat-liver suspensions has been studied 
by direct estimation of the methionine formed, the 
results obtained being given in Table 1. They are in 
close agreement with those obtained originally by 
Dubnoff & Borsook (1948) under somewhat similar 
experimental conditions. There was negligible 
methionine formation by the tissue, either in the 
absence of the substrates or in the presence of the 
methyl donors alone, but some synthesis occurred 
when the tissue was incubated with homocysteine 
alone. This amount was markedly increased by the 
further addition of either of the methyl donors. 
The addition of dimethylthetin gave rise to 
approximately twice as much extra methionine as 
did an equivalent amount of betaine. The syn- 
thesis occurring in the presence of the thetin 
corresponded to a methylation of 27 % of the total 
pL-homocysteine present. 


80 


a 
oO 


CO, output (uI.) 
> 
Ss 


20 


0 20 23940 60 80 100 120 
Time (min.) 


Fig. 1. CO, formation from pL-homocysteine and dimethyi- 


thetin chloride in the presence of a rat-liver suspension. 
Saline medium containing 0-02mM-NaHCO,; substrates 
0-003M; liver suspension 4%; flasks gassed with N, + CO, 
(95:5, v/v); temp. 36-8°. A, Substrates incubated alone 
without liver suspension; O, suspension with homo- 
cysteine; @, suspension with homocysteine and di- 
methylthetin chloride; @, homocysteine and dimethyl- 
thetin chloride with the same suspension kept for 
14 days at 4°. 
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Heating the suspension to 100° for 15 min. 
destroyed its enzymic activity, whereas freezing it 
to —21° had no effect. The extent of methionine 
synthesis appeared to be the same whether the 
medium contained phosphate or bicarbonate 
buffer. Furthermore, the suspension lost none of its 
activity after centrifuging for 30 min. at 1250 g, 
which removed a considerable amount of cell 
debris. The substrate mixtures in the absence of 
tissue are responsible for a small methionine value, 
but whether this is a true non-enzymic synthesis or 
merely a ‘reagent blank’ has not been determined. 

Manometric experiments. On incubation of 
centrifuged rat-liver suspensions with homocysteine 
and dimethylthetin in Warburg flasks, a small but 
steady evolution of CO, was observed. Fig. 1 shows 
the results of a 2 hr. manometric experiment, in 
which the substrates were present at concentra- 
tions corresponding to those used in the previous 


100 


80 


CO) output (uI.) 


0 20 40 60 


Time (min.) 


Fig. 2. CO, formation from pt-homocysteine in the 


presence of a rat-liver suspension, with dimethylthetin 
chloride and betaine hydrochloride as methyl donors. 
pLt-Homocysteine 0-03m; methyl donors 0-1m; other 
details as for Fig. 1. A, Substrates incubated alone 
without liver suspension, coincident with the curve for 
liver suspension incubated without substrates; O, 
suspension with homocysteine, coincident with the 
curve for suspension with homocysteine and _ betaine 
hydrochloride; @, suspension with homocysteine and 
dimethylthetin chloride. 
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series of experiments (see Table 1). A negligible 
amount of CO, was formed from a mixture of the 
substrates alone or from the tissue alone. The tissue 
suspension in the presence of homocysteine gave 
rise to a small gas evolution, and this was greatly 
increased by the additional presence of the thetin. 
The ability of the suspension to produce CO, under 
these conditions was still marked after storage for 
14 days at 4°, but was completely destroyed after 
the preparation had been heated to 100° for 15 min. 

In Fig. 2 are shown the CO,-output curves ob- 
tained in a 1 hr. experiment with both dimethyl- 
thetin and betaine as methyl donors. The concen- 
trations of thetin and pL-homocysteine used in this 
experiment approximated to their optimum values 
as determined with partially purified preparations 
of the thetin-homocysteine transmethylase de- 
scribed below. The betaine was used at the same 
concentration as the thetin. Again, only a small 
evolution of CO, was produced by the suspension 
together with homocysteine, whereas a relatively 
copious evolution occurred on the addition of 
dimethylthetin. On the other hand, betaine in 
place of the thetin as the methyl donor produced no 
such increase in CO, output, despite the synthesis 
of methionine which was taking place. 

Correlation between CO, output and methionine 
formation. Table 2 gives the results of a series of 
manometric experiments, with dimethylthetin as 
the methyl donor, in which the amount of meth- 
ionine formed in the reaction was determined colori- 
metrically at the end of the 2 hr. period. The con- 
centration of both substrates was 0-003. The total 
CO, output in each experiment has been corrected 
for the small amount of gas produced by the 
mixture of substrates alone, and also for the 
amount formed by the tissue suspension in the 
presence of homocysteine alone. The methionine 
values have been corrected in the same manner for 
the ‘substrates blank’ and the ‘tissue+homo- 
cysteine blank’. Good agreement between the 


Table 2. Correlation between CO, evolved and 
methionine formed from Dui-homocysteine and 
dimethylthetin chloride in the presence of rat-liver 
SUSPENSIONS 


Liver suspensions 4%; substrates 0-003M; bicarbonate— 
saline medium, pH 7-4; flasks gassed with N,+CO, 
(95:5, v/v); length of experiments 2 hr. at 36-8°. 


Methionine formed CO, liberated 


— ————__—_—___—_,, TF A 
BE. pl. 
Expt. (corr.) pmoles (corr.) pmoles 
1 600 4-02 86 3-84 
2 480 3-22 71 3-17 
3 590 3-96 84 3-75 
4 520 3-48 76 3-39 
5 545 3-66 86 3-84 
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corresponding amounts of the two reaction pro- 
ducts formed was obtained in all experiments, 
which justifies the adoption of the manometric 
procedure as a measure of methionine synthesis 
under the particular experimental conditions. The 
correlation has not been tested at higher substrate 
concentrations, however, owing to the limitations in 
the method of estimation of methionine. 


Partial purification of the thetin transmethylase 


With the manometric procedure of assaying 
enzyme activity, some degree of purification and 
concentration of the transmethylase has been 
achieved by ammonium sulphate fractionation. 
A liver suspension was prepared by homogenizing 
18 g. of rat liver in 72g. of 0-0128m phosphate 
buffer, pH 7-4, filtering it through muslin and 
centrifuging it at 1250 g for 20 min. The volume of 
the supernatant fluid was made up to 100 ml. with 
more phosphate buffer before the addition of 
ammonium sulphate. The most active fraction was 
precipitated at 0-35—0-45 saturation, although the 
0:45-0:55 fraction was also quite active. The pre- 
cipitate was spun down at 1600 g for 10 min., and 
dissolved in 10 ml. of phosphate buffer and dialysed 
against running tap water for l5hr. at room 
temperature. It was then centrifuged at 1250 g to 
remove a bulky precipitate, the major part of the 
activity remaining in the supernatant portion. This 
was finally made 0-02m with respect to NaHCO,. 
The preparation (vol. 15 ml.) contained approx. 
8 mg. dry weight of material/ml., and 0-5 ml. of 
this was able to liberate 250-300 yl. of CO,/hr. 
from 2 ml. of a mixture of dimethylthetin chloride 
(0-1m) and pL-homocysteine (0-03M). When stored 
at 4°, it remained stable for several weeks without 
appreciable loss of activity. 

Dubnoff & Borsook (1948) obtained highly active 
preparations of the transmethylase from extracts 
of Viobin liver (a commercially prepared desiccated- 
liver preparation) by ethanol fractionation at 0°. 
This has also been attempted with rat-liver sus- 
pensions. The rat-liver enzyme appears to be more 
ethanol-soluble than that of the Viobin prepara- 
tion since most of the activity was found in the 
fraction precipitated over the range 20-40% 
ethanol, rather than in the 11-18% fraction as 
found by the American workers. 


Experiments with enzyme preparations 


The active thetin-transmethylase preparations 
obtained by ammonium sulphate fractionation of 
rat-liver suspensions have been shown to produce 
CO, at low concentrations of the substrates in 
amounts equivalent to the methionine synthesized, 
as in the suspensions themselves. These prepara- 
tions have been used in experiments concerned 
with the effect of substrate concentration and 
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enzyme concentration on enzyme activity, this 
being assessed as the initial reaction velocity given 
by the particular preparation. 

Effect of concentration of substrates. By varying 
the concentration of one substrate while main- 
taining that of the other constant, attempts were 
made to determine the optimum concentration 
values for dimethylthetin and homocysteine. When 
the thetin concentration was varied with the homo- 
cysteine concentration kept at 0-03M (see below), 
optimum activity was never completely reached, 
even at a concentration as high as 0-3 (see Fig. 3). 
Nevertheless, it was clearly being approached, 
since raising the concentration from 0-1 to 0-3M 
increased the initial rate by only 11%. In most 
subsequent experiments, the thetin chloride has 
been used at a strength of 0-1m. The relation 
between initial reaction rate (v) and thetin concen- 
tration (s) was a hyperbolic one and a plot of 1/v 
against 1/s, according to the method of Lineweaver 
& Burk (1934), gave a straight line. The value of 
the Michaelis constant for this substrate calculated 
from the data was 10-2 x 10-°o. 

By keeping the strength of thetin chloride con- 
stant at 0-lM, the concentration of DL-homo- 
cysteine required for optimum activity was found 
to be a fairly well-defined value in the region of 
0:03m (see Fig. 4), allowance being made for the 
CO, retention by this substrate at the higher con-° 
centrations. However, the shape of the activity/ 
concentration curve deviated from a hyperbola at 
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Initial reaction velocity 
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= 
Oo 


0-1 0-2 
Concn. of dimethylthetin chloride (M) 


Fig. 3. Relationship between the initial reaction velocity 
of a thetin-homocysteine transmethylase preparation 
and the concentration of dimethylthetin chloride. 
Initial reaction velocity expressed as volume of CO, in 
pl. produced by the preparation over the period 5- 
15 min. after mixing the enzyme with the substrates. 
Medium 0-02mM-NaHCO, gassed with N,+CO, (95:5, 
v/v); DL-homocysteine 0-03M; temp. 36-8°. 
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low homocysteine concentrations (Fig. 5), and 


a plot of 1/v against 1/s in this case was not linear. 
This type of deviation might be expected if a 
constant amount of the homocysteine present was 
not available to the enzyme, either because of its 
decomposition or because of reaction with sub- 
stances other than the enzyme in the preparations. 


If a hyperbola be fitted to as many of the experi- 
mental points as possible, as shown in Fig. 5, it 
cuts the abscissa at a value of approximately 
0:002m homocysteine. If the assumption be made 
that this amount of the substrate is not available 
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Fig. 4. Relationship between the initial reaction velocity 
of a thetin-homocysteine transmethylase preparation 
and the concentration of pLt-homocysteine. Dimethyl- 
thetin chloride 0-1m. Other details as for Fig. 3. 
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Fig. 5. Variation of initial reaction velocity of a thetin- 
homocysteine transmethylase preparation over the DL- 
homocysteine concentration range 0-0-016mM. Other 
details as for Fig. 4. 
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and I/v is plotted against 1/(s—0-002), a good 
straight-line relationship is obtained. With this 
correction, the Michaelis constant calculated for 
this substrate was found to be 5-:3x10-°m, or 
approximately half the value obtained for the 
thetin; it implies a greater affinity of the enzyme 
for the methyl] acceptor. 

As experiments have not yet been carried out 
with the separate isomers of homocysteine, it is not 
known whether they are both methylated by the 
transmethylase. It is likely that only the L-isomer 
is the true substrate, in which case the Michaelis 
constant would be lower than the value quoted 
above. 

Effect of enzyme concentration. Contrary to 
expectations, the relationship obtained between the 
initial reaction rate, as measured by CO, output, 
and the amount of enzyme preparation present was 
not a linear one (see Fig. 6). This result was found 
not only for the partially purified preparations, but 
also for unfractionated liver suspensions both at 


low and high substrate concentrations. In view of 


the fact that a linear activity/concentration re- 
lationship is a general characteristic of enzymes, 
particularly under conditions favourable for 
optimum activity, it seemed necessary to deter- 
mine whether or not environmental factors were 
producing this effect. A number of possible ex- 
planations have been examined. 

(i) Carbon dioxide evolution may not be a true 
measure of the enzymic reaction. However, at low 
substrate concentrations, CO, formation has been 
shown to correspond to methionine synthesis. 
Furthermore, in several experiments the same 
activity/concentration relationship was obtained 
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Fig. 6. Activity/concentration relationship for a thetin— 
homocysteine transmethylase preparation. 
thetin chloride 0-1mM; pxL-homocysteine 0-03M. 
details as for Fig. 3. 
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when activity was measured chemically in terms of 


1956 


the amount of methionine formed. 

(ii) Inhibition of the enzyme by substances 
present in the preparations or by products of the 
reaction might be responsible. Addition of a heat- 
inactivated enzyme preparation to the system had 
no significant effect on the reaction rate, although 
undoubtedly such an inhibitor might be heat- 
labile. Against its existence is the finding that two 
enzyme preparations precipitated from the same 
liver suspension by two different concentrations 
of ammonium sulphate gave identical activity/ 
concentration curves, and it seems unlikely that 
the enzyme and any such inhibitor would be 
present in the same proportions in both prepara- 
tions. 

The reaction products L-methionine and sodium 
methylthioacetate have also been tested for their 
influence on the reaction rate. Neither compound 
produced any significant effect. 

(iii) Interference by side reactions might be 
responsible. Simultaneous reactions resulting in 
the removal of substrates, the formation of in- 
hibitory products, or the production of changes in 
the number of acid or basic groups present, with a 
consequent effect on CO, evolution from the main 
reaction, have been considered. Since the experi- 
mental conditions were anaerobic, the only side 
reaction likely to cause interference appeared to be 
the action of homocysteine desulphurase, which 
would give rise to H,S and ammonia. However, the 
preparations employed produced negligible quanti- 
ties of these products both at low and high concen- 
trations of pL-homocysteine, and neither compound 
was found to exert any significant effect on the 
activity of transmethylase preparations. 

It is also possible that as a result of homo- 
genizing the tissue or preparing the active fractions 
some factor has been lost or has been considerably 
diluted. Addition of various metal ions to the 
preparations, including Ca?+, Mg?*+, Mn?*, Co?+ 
and Zn?+, was without effect on enzyme activity, 
but the influence of added substances needs further 
study. 


DISCUSSION 


The manometric method for the study of thetin— 
homocysteine transmethylase has numerous ad- 
vantages over procedures involving the estimation 
of the methionine formed, even though its use is 
limited to the pH range covered by the H,CO,- 
NaHCO, buffer system. According to Dubnoff & 
Borsook (1948) the activity/pH curve for the 
enzyme from Viobin liver preparations has a very 
flat peak over the pH range 7-0-8-0, so that enzyme 
action may be studied manometrically under con- 
ditions of optimum activity. The method enables 
the kinetics of the enzyme to be followed in the 
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presence of high concentrations of homocysteine 
as well as other thiols, in the presence of methio- 
nine and its derivatives and of other compounds 
giving a positive McCarthy-—Sullivan reaction, e.g. 
dimethy1-8-propiothetin. 

No explanation can be offered for the non-linear 
relationship between enzyme activity and concen- 
tration for the liver preparations used in the present 
series of experiments, and the tentative assumption 
has been made that the particular experimental 
conditions employed are responsible. Whether or 
not it is a true property of the enzyme may be 


CH, ? N 


NH} 
J : 


- 
Ad fC. CH, CH 
CH, CO; 


NH+ /NH, 
"4 


GOs NH.CH,.CO; 


+ 
Ad—S. CH,.CH,.CH 
CH, 





established only when purer preparations are 
available. It means however that no clear assess- 
ment can here be made of the degree of concentra- 
tion of the enzyme achieved by the ammonium 
sulphate fractionation. 

lt is of interest. to compare the transmethylation 
reaction involving dimethylthetin with reactions 
undergone by ‘active methionine’ or S-adenosyl- 
methionine. This compound, into which methionine 
is believed to be converted before its participation 
in transmethylation reactions (Cantoni, 1951), 
exhibits the properties of a sulphonium compound 
(Cantoni, 1953) and its structure has been con- 
firmed by synthesis (Baddiley & Jamieson, 1954). 
The compound is akin to dimethylthetin, being a 
y-n-butyrothetin derivative. It is able to act as a 
direct methyl donor to nicotinamide (Cantoni, 
1952), glycocyamine (Cantoni & Vignos, 1954) and 
probably dimethylethanolamine. It is believed 
that reactions 3, 4 and 5 take place (Ad represents 
the adenosyl group). 

It will be seen that the last reaction (reaction 5) 
closely resembles the methylation of homocysteine 
(reaction 1), in that a proton is liberated as a result 
of the methylation of the glycocyamine. In the 
region of pH 7, creatine and glycocyamine exist in 
their zwitterion forms, and both compounds would 
be expected to have little tendency to combine 
with protons. It should therefore be possible to 


P 
+ (CH,),.NH.CH,.CH,.OH —» Ad—S.CH,.CH,.CH 
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follow this particular transmethylation reaction 
manometrically in a bicarbonate medium, as in the 
thetin-homocysteine reaction already described, 
thereby avoiding the somewhat troublesome estima- 
tion of the creatine formed. Cantoni & Vignos 
(1954), in a footnote, also refer to the possibility of 
studying creatine synthesis in this manner. It also 
appears from reaction 4 that choline formation 
might be followed manometrically, but this does 
not appear likely in the methylation of nicotin- 
amide (reaction 3), since the latter reaction is not 
accompanied by proton formation. 


; NHt a 
. pet CO.NH, f CO.NH, 
Ad—S.CH,.CH,.CH + —> Ad—S.CH,.CH,.CH 7 (3) 
| \ co; \co; 


Nt 
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7 NH} 
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+ oa 
+ (CH,),.N.CH,.CH,.OH +H (4) 


NH} NH, 
+ 4 + 
—» Ad—S.CH,.CH,.CH + HN=C\ +H (5) 
COz N .CH,.CO; 
CH, 
SUMMARY 


1. The methylation of homocysteine by dimethy]- 
thetin in the presence of rat-liver suspensions has 
been studied by estimation of the methionine 
formed. The estimation of methionine under the 
particular experimental conditions employed is 
discussed. 

2. A manometric method for following the 
course cf the transmethylation, based on the 
formation of acid in the reaction, is described. 

3. The enzyme involved, thetin—homocysteine 
transmethylase, has been partially purified from 
rat liver by ammonium sulphate fractionation and 
some of its properties have been investigated. 


The author wishes to thank Dr M. B. Thorn for many 
helpful discussions during the course of this work. Grateful 
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Structure of a Naturally Occurring Antagonist of Dihydrostreptomycin 


By J. W. CORNFORTH anp A. T. JAMES 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 12 August 1955) 


The isolation from culture filtrates of Psewdomonas 
pyocyanea of a crystalline product, which antago- 
nizes under certain conditions the antibacterial 
action of dihydrostreptomycin, has been reported 
elsewhere (Lightbown, 1950, 1954). This paper 
records a chemical examination of the product, 
which has proved to be a mixture, and the syn- 
thesis of its principal constituents. The natural 
product is referred to hereafter as the ‘antagonist’. 


RESULTS AND EXPERIMENTAL 


Use of partition chromatography for isolation of the 
antagonist. The yields of antagonist from the initial 
butanol extract of culture filtrates could be in- 
creased by evaporating most of the butanol in a 
rotary evaporator at approximately 30°, adding 
benzene until the mixture contained about 
30 % (v/v) benzene, and then running the solution 
on a kieselguhr column with a stationary phase 
of 0-1m phosphate buffer (pH 11-9) and butanol— 
benzene (7:3, v/v) as mobile phase. The column 
(3 ft.x 1}in.) contained 200g. of kieselguhr 
(Hyflo Super Cel) for a charge containing about 
200 mg. of antagonist. The antagonist ran rapidly 
through the*column and emerged free from most of 
the coloured impurities as well as from some con- 
taminants absorbing in the ultraviolet. The product 
was further purified by crystallization from 
benzene-light petroleum. 

Properties of the antagonist. 
separated from ethanol or ethyl acetate in ill- 
defined plates. The melting point, which varied in 
different specimens, was in the range 136—148° and 
was little affected by repeated recrystallization. 
The antagonist was insoluble in water and dilute 
mineral acids, soluble in aqueous NaOH or Na,CO, 


’ 
The antagonist 


to a yellow solution, and sparingly soluble in ether. 
It gave an orange-red colour with FeCl, in ethanol; 
it reacted instantly with Br,-CHCl, with liberation 
of HBr; an aqueous alkaline solution reduced 
KMn0O, rapidly in the cold. It did not reduce 
Fehling’s solution; it liberated no iodine from Nal 
in 7sopropanol-acetic acid; it gave no azo-dye with 
diazotized sulphanilic acid. The ultraviolet ab- 
sorption spectrum in aqueous solution at pH 9 
showed a broad maximum at about 350 mu. 
(Z;@,, 250) and asharper peak at 250m. (£}%, 700). 
Analysis indicated an approximate formula 
C,,H,,0,N. (Found: C, 75-0, 74-8; H, 8-45, 8-2; 
N, 5-0; OMe, 0%.) 

Isolation of the antagonist from an organism 
which has already been shown (Hays et al. 1945; 
Wells, Elliott, Thayer & Doisy, 1952; Wells, 1952) 
to produce 2-alkyl-4-hydroxyquinolines (I) sug- 
gested a chemical relationship, a suggestion further 


OH OH 
OH 


aR 
N 


Me 
N 


(III) 
supported by the general similarity of the ultra- 
violet absorption spectra. The only essential 


difference suggested by elementary analysis was 
the presence of an additional oxygen atom. One 
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possible formula, considered in view of the failure 
to couple with diazonium salts, was that of a 2- 
alkyl-3:4-dihydroxyquinoline (II) [2-alkyl-4-hydr- 
oxyquinolines do couple in the 3-position (Conrad 
& Limpach, 1888)]; but a substance of this type 
(Il; R=Me), prepared by oxidation of 4-hydroxy- 
2-methylquinoline-3-aldehyde (III) with alkaline 
hydrogen peroxide, gave a pure-blue FeCl, reaction. 


Preparation of 2-methyl-3:4-dihydroxyquinoline. The 
aldehyde (III) (187 mg.) (Conrad & Limpach, 1888) was 
dissolved in N-NaOH (1 ml.), and 3% H,O, (1-4 ml.) was 
added. The solution became warm and the product crystal- 
lized in almost quantitative yield. Recrystallization from 
ethanol gave the diol (II; R = Me) in small leaflets, m.p. 304° 
(decomp.). (Found: C, 68-5; H, 5-1; N, 8-15. C,j)H,O,N 
requires C, 68-6; H, 5-1; N, 8-0%.) 

Reduction of the antagonist. Decisive evidence of struc- 
ture was obtained by reduction with zinc in acetic acid. The 
antagonist (100 mg.; m.p. 143-146°) in acetic acid (3 ml.) 
was warmed on a steam bath with zinc powder (0-5 g.) for 
1 hr. with frequent shaking. Ether and water were added; 
the ether, after being freed from acetic acid by washing 
with water and NaHCO,, was evaporated. The residue was 
immediately dissolved in a little dry ether, from which the 
product (82 mg.) crystallized, m.p. 123-125°. A portion 
crystallized from ethyl acetate had m.p. 125°. (Found: 
C, 79-9; H, 9-06 %. 

The analysis indicates that one atom of oxygen has been 
removed. The product resembled in composition and 
properties a 2-alkyl-4-hydroxyquinoline (I) with R approx. 
equal to C,H,,; in particular, the ultraviolet absorption 
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spectrum in ethanol was identical with that of 2-octyl-4- 
hydroxyquinoline, but the melting point was low. For 
comparison, the known 2-n-heptyl-4-hydroxyquinoline 
(I; R=.[CH,],.CH;) and 2-n-nonyl-4-hydroxyquinoline 
(I; R=.[CH,],.CH,) (Wells, 1952) were prepared, and by 
similar methods the new homologues 2-n-octyl-4-hydroxy- 
quinoline (I; R=.[CH,],.CH,; colourless needles from 
ethyl acetate; m.p. 136-138°. Found: C, 79-0; H, 9-0; N, 
5:5. C,,H,,0N requires C, 79-4; H, 9-0; N, 5-45%) and 2-n- 
undecyl-4-hydroxyquinoline (I; R=.[CH¢],9-CH,; colour- 
less aggregated needles from acetone; m.p. 135°. Found: 
C, 79-9; H, 9-3. CypHON requires C, 80-2; H, 9-7%). 

The resemblance between the reduced antagonist and the 
‘Pyo’ compounds of Hays et al. (1945) was further tested 
by chromatography on paper. The paper was impregnated 
with ethylene glycol by immersion in a 5% (v/v) solution in 
acetone followed by removal of acetone. The substances 
were applied in ethanol. With a mobile phase of benzene 
the reduced antagonist was resolved into two spots, the 
slower of which corresponded in position with 2-n-heptyl- 
4-hydroxyquinoline (Pyo Ib) and the faster with 2-n- 
nonyl-4-hydroxyquinoline (Pyo Ic). Synthetic 2-n-octyl-4- 
hydroxyquinoline ran to an intermediate position. The 
spots were made visible by exposure to iodine vapour, 
when they appeared dark on a white ground. 

The reduced antagonist was then run on a liquid-liquid 
column with ethylene glycol as stationary phase and 
benzene-cyclohexane (4:1, v/v) as mobile phase. By 
measuring the light absorption of the eluate at 328 mu. at 
least five substances were shown to be present (Fig. 1, 
curve A, peaks 1-5). A mixture of synthetic 2-n-undecyl-, 
-n-nonyl-, -n-octyl- and -n-heptyl-4-hydroxyquinolines 
was run under the same conditions (Fig. 1, curve B). The 
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Fig. l. Curve A. 


Separation of the components of the reduced antagonist. 


Load, 1 mg.; column length, 10 em.; 


diameter, 1 cm.; stationary phase, ethylene glycol; mobile phase, benzene—20% cyclohexane. 

Curve B. Separation of the components of a mixture of synthetic 2-alkyl-4-hydroxyquinolines, under the same 
conditions as in A. Peaks: (1) 2-n-undecyl-4-hydroxyquinoline; (3) 2-n-nonyl-4-hydroxyquinoline; (4) 2-n-octyl- 
4-hydroxyquinoline; (5) 2-n-heptyl-4-hydroxyquinoline. Conditions as for curve A. 
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n-undecyl compound corresponded in position with peak 1 
in curve A, n-nonyl with peak 3, n-octyl with the trace 
component peak 4, and n-heptyl with the major component 
peak 5. These results suggested that the reduced antagonist 
was a mixture of 2-alkyl-4-hydroxyquinolines (I), the 
major components having as side chains heptyl and nonyl 
groups and the minor components octyl and undecyl 
groups. The minor component peak 2 might, from its 
position, have a decyl side chain. 

Separation of 2-n-heptyl- and 2-n-nonyl-4-hydroxyquino- 
lines from the reduced antagonist. The reduced antagonist 
(80 mg.) was run on a large (2 ft. x 1} in.) liquid-liquid 
column with the ethylene glycol—benzene—cyclohexane 
system described above. The effluent corresponding to the 
main peak was washed with water and evaporated. The 
residue on crystallization from acetone gave white crystals 
(31 mg.), m.p. 142-144°. Another crystallization left 
23 mg., m.p. 143-144-5°. A mixture with synthetic 2-n- 
heptyl-4-hydroxyquinoline (m.p. 143-144:5°) had the 
same m.p. 

The first peak, representing the 2-n-nonyl component, 
showed insufficient resolution from faster-running com- 
ponents, two crystalline fractions (7 and 9 mg.) being 
obtained by crystallization, m.p. below 120° and 125-127° 
respectively. The total product divided into three equal 
parts was run on a smaller column (30 cm. x 1 em.) with the 
same solvent system. The minor components were well 
separated from the ‘nonyl’ peak. The effluent corresponding 
to this peak after evaporation and crystallization from 
acetone gave 5 mg., m.p. 131—135°. This was further purified 
by leaving overnight with KMnO, (10 mg.) in acetone 
(1 ml.). A parallel oxidation was done with the synthetic 
nonyl compound. The recovered product after crystalliza- 
tion from acetone had m.p. 134-136°; a mixture with 2-n- 
nonyl-4-hydroxyquinoline (m.p. 136-137°) had m.p. 135- 
137°. X-ray powder photographs confirmed the identity of 
the two specimens. From the permanganate purification 
traces of fatty acids were obtained, and these were ex- 
amined as the methyl esters by vapour-phase chromato- 
graphy (see below for details). Methyl decanoate, non- 
anoate and octanoate were identified; the amounts of these 
esters obtained from the natural product were slightly 
greater than from the synthetic product. 


Structure of the antagonist. The facile reduction 
of the antagonist to 2-alkyl-4-hydroxyquinoline 
limited the choice of structures. Only that of an 
N-oxide (IV) seemed worth considering, since the 
presence of a 4-hydroperoxide group seemed to be 
excluded by the failure to oxidize hydrogen iodide. 
Accordingly, syntheses of 2-alkyl-4-hydroxyquino- 
line N-oxides were begun. 

2-Methyl-4-hydroxyquinoline N-oxide (IV; 
R=Me) was the only known example of this 
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chemical type; it was obtained by Gabriel & 
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Gerhard (1921) and by McCluskey (1922) by 
reduction of o-nitrobenzoylacetone (_V; R=Me). 
McCluskey also made it by decarboxylation of the 
3-carboxylic acid (VI; R= Me), the ester of which 
had been prepared by reduction of ethyl o-nitro- 
benzoylacetoacetate. We experimented first with a 
different method, the N-oxidation of a 2-alkyl-4- 
hydroxyquinoline. A direct oxidation failed, but 
when 2-n-heptyl-4-hydroxyquinoline was con- 
verted into the O-ethoxycarbonyl derivative (VII) 
and the product without isolation was oxidized 
with perbenzoic acid, 2-n-heptyl-4-hydroxyquino- 
line N-oxide could be obtained after alkaline 
hydrolysis. This substance resembled the antag- 
onist in its properties, including the characteristic 
antagonism to dihydrostreptomycin. The yield was 
small, and for preparative purposes McCluskey’s 
method was better. In this way 2-n-heptyl-, 
2-n-nonyl-, and 2-n-undecyl-4-hydroxyquinoline 
N-oxides were prepared. In the heptyl series the 
route via the 3-carboxylic acid 
(VI; R= .[CH,],.CHs) 

was tried. This gave the same product but in 
poorer yield. 

The requisite B-keto esters were synthesized 
according to Stéllberg-Stenhagen (1945). 


Synthesis of 2-n-heptyl-4-hydroxyquinoline N-oxide. (a) 
2-n-Heptyl-4-hydroxyquinoline (1 g.) was converted into 
the sodium salt by dissolution in the calculated amount of 
ethanolic sodium ethoxide and evaporation at low pressure. 
The residue was suspended in benzene (20 ml.) and ethyl 
chloroformate (0-4 ml.) was added. The mixture was boiled 
under reflux until neutral and treated with perbenzoic acid 
in CHCl, (7-2 ml. of 7-9 %, w/v). When the oxidant had been 
consumed the solution was washed with 0-5n-Na,CO, and 
water, and evaporated. The residue, a brown oil, was 
diluted with ethanol (10 ml.), and 2N-KOH (5 ml.) was 
added. A precipitate formed slowly; next day this was 
removed and washed with n-KOH. The filtrate was acidified 
and the solid product was collected and triturated with 
ethyl acetate. The residue after two crystallizations from 
ethanol gave the N-oxide (IV; R = .[CH,],.CH3) in colour- 
less leaflets, m.p. 158-160°. (Found: C, 74-2; H, 8-3; N, 
5:4. CygH,0.N requires C, 74:1; H, 8-1; N, 5-4%.) The 
ultraviolet absorption in 0-001 N-NaOH showed maxima at 
346 my. (€ 9459) and 253 my. (e 24000) (see Fig. 2). The 
substance easily formed a sparingly soluble Na salt with 
aqueous NaOH. On treatment with one equivalent of Br, 
in CHCl, a monobromo derivative (presumably 3-bromo-2- 
n-heptyl-4-hydroxyquinoline N-oxide) was formed; it was 
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isolated by evaporation of the CHCl, and treatment of the 
residue, a hydrobromide, with NaHCO,. Crystallization 
from ethanol gave leaflets, m.p. 178-179°. (Found: C, 
56-5; H, 6-2. CygH.O,NBr requires C, 56-8; H, 5-9%.) 
A test for halogen was positive. 

(b) Methyl 3-oxodecanoate (48 g.) was added dropwise to 
a stirred suspension of powdered sodium (5-52 g.) in toluene 
(100 ml.) and benzene (200 ml.) under N,. When the sodium 
was dissolved, o-nitrobenzoyl chloride (from 36-1 g. of 
o-nitrobenzoic acid, according to McCluskey, 1922) was 
added slowly with stirring and cooling. Next day dilute 
H,SO, was added and the product (A; 84 g.) was isolated in 
the normal manner with the help of some more benzene. 
It was then boiled with dilute H,SO, (500 ml. of 33%, 
w/w) and dioxan (68 ml.) for 7 hr. The cooled mixture was 
extracted with ether, and this, after washing with aqueous 
NaHCO,, was extracted with 0-5n-NaOH (11.) in seven 
portions which were acidified immediately after separation. 
The acidic product was recovered by means of ether; it was 
treated with eld light petroleum (b.p. 40-60°), and a 
residue (8 g.) of o-nitrobenzoic acid was removed. The light- 
petroleum-soluble product was a red oil (30 g.). A portion 
(5 g.) was added to a mixture of SnCl,,2H,O (14 g.) and 
acetic acid (45 ml.), with sufficient dry HCl to effect dis- 
solution. The mixture became warm; passage of hydrogen 
chloride was continued until it had cooled. After an hour 
the mixture was poured into water and extracted with 
chloroform. The chloroform was washed with water 
(emulsions were broken by filtration) and with aqueous 
NaHCO, and evaporated. The residue on trituration with 
ethyl acetate gave the crystalline N-oxide (1-5 g.), which 
was purified by recrystallization from ethanol: colourless 
leaflets, m.p. 158-160°, undepressed by material prepared 
by method (a). 

(c) The crude diketo ester A (5 g.) was reduced with 
SnCl, as described above, and the product, which was semi- 
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Fig. 2. Ultraviolet absorption spectrum of two synthetic 
2-alkylhydroxyquinoline N-oxides in 0-001N-NaOH. 
@, 2-n-Nonyl-4-hydroxyquinoline N-oxide; @, 2-n- 
heptyl-4-hydroxyquinoline N-oxide. 
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crystalline, was hydrolysed by boiling for 14 hr. with NaOH 
(20 ml. of 2N). The aqueous solution was extracted with 
ether and acidified. The precipitated solid was crystallized 
once from ethyl acetate and once from ethanol, 3-carbory- 
2-heptyl-4-hydroxyquinoline N-oxide (VIL; R = .[CH,],.CHs) 
being obtained in colourless needles (0-25 g.), m.p. 173° 
(decomp.). (Found: C, 67-3; H, 6-95; N, 5-0. Cy,H,,0,N 
requires C, 67-3; H, 6-9; N, 46%.) A crude preparation 
(500 mg.) of the acid was heated at 160° under N, until 
bubbling ceased. The product, after trituration with ethyl 
acetate and removal of a higher-melting impurity by 
crystallization from acetone and methanol, had m.p. 158° 
undepressed by material made by method (6). The final 
yield was 14 mg. 

Synthesis of 2-n-nonyl-4-hydroxyquinoline N -oxide. 
Methyl 3-oxododecanoate (20g.) was condensed, as 
described above, with o-nitrobenzoyl chloride, and the 
product was hydrolysed with dioxan-sulphuric acid by 
boiling for 18 hr. An ethereal extract of the hydrolysed 
product was shaken with saturated aqueous cupric acetate, 
when copper 1-(2-nitrophenyl)dodecane-1:3-dionate separ- 
ated; a portion crystallized from ethanol in blue-grey 
needles, m.p. 149-5-150-5° [Found: N, 4-1. (C,,H,,0,N),Cu 
requires N, 4:0%], the rest was decomposed by shaking 
with ether and dilute sulphuric acid. After evaporation of 
the ether the residue was crystallized from light petroleum 
(b.p. 40-60°) to give 1-(2-nitrophenyl)dodecane-1:3-dione 
(V; R=.[CH,],.CH,) (8-7 g.). A sample after two more 
crystallizations formed plates, m.p. 44°. (Found: C, 67-7; 
H, 7:5; N, 4-4. C,,H,,0,N requires C, 67-7; H, 7-8; N, 
44%.) The diketone (7-6 g.) was reduced with SnCl,, as 
described above; but the reaction mixture was left over- 
night before dilution and became very dark. The product 
was purified by three crystallizations from ethanol; the 
N-oxide (IV; R=.[CH,],.CH,) formed colourless leaflets 
2-5 g.), m.p. 148-149°. (Found: C, 75-0; H, 8-6; N, 5-1. 
C,,H,;0,N requires C, 75-3; H, 8-7; N, 4.9%.) The ultra- 
violet absorption in 0-001 N-NaOH was identical with that 
of the heptyl analogue (see Fig. 2). 

2-n-Undecyl-4-hydroxyquinoline N-oxide. Methyl 3- 
oxotetradecanoate (11-95 g., m.p. 29-30°), purified by low- 
temperature crystallization from methanol, was condensed 
as described above with o-nitrobenzoyl chloride, and the 
product was hydrolysed by boiling for 17 hr. with dilute 
sulphuric acid and dioxan. Copper 1-(2-nitrophenyl)- 
tetradecane-1:3-dionate was prepared as described above. 
A sample crystallized from ethanol in blue-grey needles, 
m.p. 150-151° (Found: N, 4-1. CH 0,N, requires N, 
3-7%); from the remainder, 1-(2-nitrophenyl)tetradecane- 
1:3-dione (V; R = .[CH,],9.CH,) was prepared as above and 
was crystallized from light petroleum (b.p. 40—60°): yield, 
4g., m.p. 53-54°. A sample on further crystallization 
formed almost colourless plates, m.p. 53-5-54-5°. (Found: 
C, 69-1, 69-2; H, 8-2, 8-3; N, 4-4. CygH. 0,N requires C, 
69-2; H, 8-4; N, 4:0%.) The diketone (3 g.) was reduced 
with SnCl, as described for the heptyl analogue; however, 
the chloroform extract of the diluted mixture was 
thoroughly shaken with dilute sulphuric acid before 
washing with water. In this way, emulsions caused by 
separation of tin oxides were avoided. The product on 
crystallization from ethanol gave leaflets (1-8 g.), m.p. 144— 
146°. Two further crystallizations gave the N-ovide (IV; 
R=.[CH,],9.CH,) in colourless shining leaflets, m-.p. 
148-5-149-5°. (Found after drying at 80°: C, 76-4; H, 8-8; 
N, 4:8. CygH,O,.N requires C, 76-2; H, 9-2; N. 4-4%.) 
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Oxidation of the antagonist. Chromatograms of 
the type used to analyse the reduced antagonist 
would not be expected to separate unsaturated or 
branched-chain components from the n-alkyl 
series. Accordingly, the antagonist itself was 
oxidized for examination of the resulting fatty 
acids by a more sensitive method. In an early 
oxidation only octanoic and heptanoic acids were 
identified, and this led to the surmise that one of 
the major components had an unsaturated nonenyl 
side chain (Cornforth & James, 1954). Later and 
more precise results gave no support to this 
hypothesis, which is now withdrawn. 





The antagonist (12 mg.) was dissolved by warming with 
water (2 ml.) and saturated aqueous Na,CO, (0-1 ml.). To 
the cooled solution 1% KMn0O, (1-7 ml.) was added drop- 
wise. Interaction was rapid at first. After 3 hr. the slight 
excess of reagent was destroyed and the manganese 
dioxide was removed. The yellow filtrate was acidified and 
extracted with ether. The acidic product was esterified in 
the usual manner with ethereal diazomethane. After 
removal of solvent the esters were ready for vapour-phase 
chromatography. Synthetic 2-n-heptyl-4-hydroxyquino- 
line N-oxide was oxidized by the same procedure for 
purposes of comparison. 

The gas columns used to separate the methyl esters were 
4 ft. long and had as stationary phase Apiezon M vacuum 
stopcock grease (James & Martin, 1956). The separations 
were carried out at 197°, the esters being applied in ethan- 
olic solution with a micropipette. The zones leaving the 
column were detected by the gas density meter (Martin & 
James, 1956). Other conditions are shown in the legend to 
Fig. 3. 

The model experiment with the 2-n-heptyl compound 
yielded not only the expected methyl octanoate, but also 
a considerable amount of methyl heptanoate and traces of 
hexanoate and valerate (Fig. 3, curve A). This non- 
homogeneous oxidation under mild conditions of an alkyl 
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Fig. 3. Curve A. 
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side chain suggests that care should be taken in the inter- 
pretation of similar degradations. 

Analysis of the mixture of acids produced by oxidation of 
the antagonist is shown in Fig. 3, curve B. The acids 
identified were n-pentanoic, n-hexanoic, n-heptanoic, n- 
octanoic (the major component), m-nonanoic, n-decanoic 
(the next largest component), n-undecanoic, n-dodecanoic 
and n-tridecanoic acids. These results, taken in con- 
junction with the oxidation of the synthetic n-heptyl 
compound, indicate the presence of n-heptyl, n-nonyl 
and n-undecyl side chains, with traces of higher homo- 
logues. 

The question of unsaturated components remains un- 
settled. Certainly the purity of the 2-nonyl-4-hydroxy- 
quinoline from reduced antagonist was improved by partial 
oxidation, and we have observed that the melting point of 
the antagonist is raised about 10° after partial ozonolysis 
(which produces a little aldehydic material) or oxidation 
with peracetic acid. However, unsaturated components 
must be present, if at all, in minor amount. 

In an early oxidation of the natural antagonist (87 mg.) 
the manganese dioxide after drying was extracted twice 
with boiling ethanol. On concentration of the extract long 
needles (8 mg.) separated. These were insoluble in water and 
in aqueous acids and alkalis; on heating they darkened 
from 250° without melting. (Found: C, 79-0; H, 8-4; N, 6-0. 
CygHyO.Ne requires C, 79-0; H, 8-3; N, 5-8%.) From the 
composition and properties it is suggested that this product 
is a 1:1-diquinolyl (VIII). Homogeneity of the side chain is 
not proved, but the analysis suggests that the heptyl side 
chain predominates. 
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Separation by gas-liquid chromatography of methyl esters of the fatty acids resulting from the 


oxidation of synthetic 2-n-heptyl-4-hydroxyquinoline N-oxide. Peaks in order of appearance: (1) air introduced 
in loading the sample and ethanol; (2) methyl n-pentanoate; (3) methyl n-hexanoate; (4) methyl n-heptanoate; 
(5) methyl n-octanoate. Column length, 4 ft.; temperature, 197°; nitrogen pressure, 13 cm. Hg; nitrogen-flow rate, 
15 ml./min. Stationary phase, Apiezon M vacuum stopcock grease. 

Curve B. Separation, under the same conditions, of the methyl esters of fatty acids produced by the oxidation 
of the crude antagonist. Peaks in order of appearance: (1) air introduced in loading the sample and ethanol (the 
solvent in which the sample was dissolved); (2) methyl n-hexanoate; (3) methyl n-heptanoate; (4) methyl 
n-octanoate ; (5) methyl n-nonanoate; (6) methyl n-decanoate; (7) methyl n-undecanoate ; (8) methyl n-dodecanoate; 


(9) methyl! n-tridecanoate. 
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DISCUSSION 


‘The occurrence of N -oxides in nature is by no means 
rare; a review is given by Culvenor (1953). The 
antagonist resembles in its composition and melting 
point the Pyo II of Hays et al. (1945), and it is 
possible that this product is also a mixture of 2- 
alkyl-4-hydroxyquinoline N-oxides. 

As shown above, the antagonist contains as 
its principal components 2-heptyl-, 2-nonyl- and 
2-undecyl-4-hydroxyquinoline N-oxide, the pro- 
portions diminishing in that order. Of these three, 
the nonyl compound has the highest activity 
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are of course not excluded. The infrared spectrum 
of the natural mixture, as a paste in medicinal 
paraffin (Nujol) or in carbon disulphide solution, 
showed no band in the range 3100-3500 cm. +. This 
recalls the similar behaviour of 1-nitroso-2-naph- 
thol (Amstutz, Hunsberger & Chessick, 1951). 
Another tautomeric form (XII) was suggested for 
the 2-methyl compound by McCluskey (1922), 
because a dibenzoate could be obtained. The latter, 
however (if it is not a benzoic acid salt of a mono- 
benzoate), could be the 2-benzoxymethyl com- 
pound (XIII) formed by a rearrangement recently 
reported for quinaldine N-oxide (Pachter, 1953). 
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against dihydrostreptomycin. A mixture of the 
three synthetic N-oxides in the ratio (w/w) 63-7 
heptyl: 33-7 nonyl:2-6 undecyl (a proportion sug- 
gested by the results of degradation of the natural 
antagonist) had activity of the same order as 
the natural mixture against dihydrostreptomycin 
(Lightbown & Jackson, 1956). The structure of the 
known Pyo compounds and of these N-oxides 
suggests a plausible mode of biosynthesis. Conden- 
sation of anthranilic acid with a B-keto acid inter- 
mediate in the synthesis or degradation of fatty 
acids could lead (IX), with loss of carbon dioxide 
and water, directly to a Pyo compound, from which 
the N-oxide can be presumed to arise by oxidation. 
An origin of this kind would explain why the 
side chains of the main components, both in the 
Pyo compounds and in the N-oxides, have odd 
numbers of carbon atoms, since the f-keto acids 
(containing three additional carbons) would have, 
predominantly, even numbers. The presence of 
small amounts of even-number side chains, such as 
the 2-octyl compound, which may be inferred from 
analysis of the reduced antagonist, is not incon- 
sistent with this mode of biosynthesis, for traces of 
odd-number fatty acids have recently been shown 
to occur regularly in natural mixtures (Hansen, 
Shorland & Cook, 1955; James & Martin, 1956). 
The products are written as 4-hydroxyquinoline 
N-oxides (IV), but tautomeric structures (X, XI) 
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SUMMARY 


1. A chemical examination has been made of a 
crystalline product from Pseudomonas pyocyanea 
having the property of antagonizing the anti- 
bacterial action of dihydrostreptomycin. 

2. It is concluded that the product is a mixture 
containing as major components 2-n-heptyl-4- 
hydroxyquinoline N-oxide and 2-n-nonyl-4-hydr- 
oxyquinoline N-oxide in the approximate pro- 
portion 2:1, along with a small proportion of 
2-n-undecyl-4-hydroxyquinoline N-oxide. Traces 
of 2-n-octyl-4-hydroxyquinoline N-oxide and of 
higher homologues may also be present. 

3. 2-n-Heptyl-, 2-n-nonyl- and 2-n-undecyl-4- 
hydroxyquinoline N-oxides have been synthesized. 
Of these, the 2-n-nonyl compound has the highest 
activity against dihydrostreptomycin. 


Our thanks are due to Miss J. R. Parr and Mr H. 
Hadaway for much technical assistance; to Professor A. E. 
Doisy for gifts of Pyo Ib, Pyo Ie and Pyo III; and to 
Mrs O. Kennard for X-ray powder photographs. 
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Antagonism of streptomycin activity by culture 
filtrates of Pseudomonas aeruginosa was first 
reported by Sureau, Arquie, Boyer & Saviard 
(1948). The factor responsible for the antagonism 
was isolated (Lightbown, 1954) and was shown by 
Cornforth & James (1954, 1956) to be a mixture of 
2-alkyl-4-hydroxyquinoline N-oxides. The present 
paper describes an investigation of some of the 
biological properties of these compounds; part of 
this work has already been briefly reported 
(Lightbown & Jackson, 1954; Jackson & Light- 
bown, 1955). 


METHODS AND MATERIALS 


Assay of dihydrostreptomycin antagonist activity. A 
modified cup-plate diffusion method (Lightbown, 1954) 
was employed. Cups containing the solutions of the quino- 
line N-oxides were placed on plates of deep-seeded nutrient 
agar containing a concentration of dihydrostreptomycin 
five times that sufficient to prevent growth of the test 
organism in the absence of the antagonist. After incuba- 
tion, sharply defined zones of growth appeared around the 
cups and the comparative potencies of the samples could 
be calculated from the diameters of these zones, as in a 
normal antibiotic cup-plate assay. With large assay plates 
accommodating 36 cups arranged in a 6 x6 Latin square 
fiducial limits of +5 to 10% were regularly obtained for 
potency ratios derived from a single plate. 

Bacterial strains. Bacillus subtilis 1.C.1. strain (N.C.T.C. 
8236), Bacillus pumilus, Mill Hill strain (N.C.T.C. 8241) 
and typical laboratory strains of Staphylococcus aureus, 
Escherichia coli and Proteus vulgaris were used in experi- 
ments. 

* Cowburn Research Fellow. 


Bacterial growth curves. Nutrient broth (200 ml.) in a 21. 
conical flask was inoculated and incubated, with shaking, 
for 3 hr. Samples (10 ml.) were then transferred to separate 
250 ml. conical flasks. These smaller flasks had special side 
arms constructed to fit the carrier of the absorptiometer, so 
that rapid measurements of optical density could be made 
by tipping the contents of the flask into the side arm. 
Aeration of all cultures was effected by shaking at 180 
oscillations/min., amplitude of stroke 1 in. Optical-density 
measurements were made at 650 my. 

Bacterial suspensions and cell-free preparations. Bacteria 
were grown in nutrient broth in shaken culture or on 
nutrient agar for 18 hr. at 36°. The cells were collected and 
washed three times with distilled water by centrifuging. 
Dry weights were determined by heating at 110° to constant 
weight, and opacity/dry-weight relationships were measured 
with a photoelectric absorptiometer. 

Cell-free preparations were prepared by shaking bacterial 
suspensions (density 10-20 mg./ml.) with ballotini beads, 
size 14, in a Mickle disintegrator. Shaking was continued 
for 40 min., or until microscopical examination showed the 
presence of only occasional whole cells. Unbroken cells and 
large fragments were removed by centrifuging at 800g in 
an angle head for 15 min. and the supernatant fluids 
collected. 

Heart-muscle succinic-oxidase preparations were prepared 
from fresh pig heart by the method of Slater (1949a), 
except that the minced and washed muscle was homo- 
genized in a high-speed blender for 2 min., instead of 
grinding with sand. Fat-free dry weights of these prepara- 
tions were determined by the method of Slater (1949a). 

Spectroscopic examination of the different preparations 
was carried out with either a Zeiss or Beck low-dispersion 
micro-spectroscope and a 150 c.p. Pointolite. 

Reagents. Cytochrome c was obtained from L. Light and 
Co. Ltd.; the methylene blue was the ‘biologically tested’ 
grade obtained from British Drug Houses Ltd. The p- 
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Table 1. Maximum solubilities (yg./ml.) of 2-alkyl-4-hydroxyquinoline N-oxides 
im 0-35M phosphate buffers at 22° 


Compound 


2-n-Heptyl-4-hydroxy quinoline N-oxide 
2-n-Nony1-4-hydroxyquinoline N-oxide 
2-n-Undecy1-4-hydroxyquinoline N-oxide — 


pH 7-0 pH 9-0 
3-5 60 
03 5:7 
0-27 


Table 2. Relative activity of various quinoline derivatives in antagonizing dihydrostreptomycin activity 
against B. pumilus as determined by a modified cup-plate assay 


Relative 
Derivative activity 
Natural crystalline antagonist 100 
2-Methyl-4-hydroxyquinoline N-oxide <01 
2-n-Heptyl-4-hydroxyquinoline N-oxide 33 
2-n-Nonyl-4-hydroxyquinoline N-oxide 206 
2-n-Undecyl]-4-hydroxyquinoline N-oxide 66 
Mixture of substituted quinoline N-oxides in 110 

proportions present in natural antagonist, i.e. 

63-7 % heptyl, 33-7% nonyl, 2.6% undecyl 
2-n-Hepty1-3-bromo-4-hydroxyquinoline N-oxide 420 
2-n-Heptyl-3-carboxy-4-hydroxyquinoline N-oxide 0 
6-n-Heptyl-4-hydroxyquinoline N-oxide 0 
2-Methyl-4-hydroxy quinoline 0 
2-n-Heptyl-4-hydroxy quinoline 0 
2-n-Octyl-4-hydroxy quinoline 0 
2-n-Nonyl-4-hydroxy quinoline 0 





phenylenediamine used was a recrystallized sample kindly 
prepared by Dr D. C. Nicholson. 

Substituted quinoline N-oxides. These compounds were 
prepared by Dr Cornforth as described (Cornforth & 
James, 1956). Some difficulty was experienced owing to 
the very low solubility of the compounds in water. Ap- 
proximate solubilities of some compounds are shown in 
Table 1. Stock solutions of 2-heptyl-4-hydroxyquinoline 
N-oxide (heptyl N-oxide) were prepared in 0-01 N-NaOH at 
a concentration of 50-100yug./ml. and of the 2-nonyl-4- 
hydroxyquinoline N-oxide (nonyl N-oxide) in 0-001N- 
NaOH at a concentration of 5ug./ml. For assay of dihydro- 
streptomycin antagonist activity, dilutions were prepared 
in potassium phosphate buffer, pH 9-0, 0-035, at concen- 
trations less than the maximum solubility at pH 7-2, the 
pH value of the assay medium. Solutions of the nonyl 
compound in 0-001N-NaOH kept at room temperature 
decreased in strength, probably owing to adsorption on to 
the glass container. The concentrations of all solutions were 
checked immediately before use by measurement of the 
density at the ultraviolet absorption maximum at 346 mp. 
(Cornforth & James, 1956). Because of the low solubility of 
the nonyl compound, the heptyl compound has been used 
in most experiments. 

Antimycin A was kindly supplied by Dr D. E. Green 
and was used as a solution in ethanol. 

Manometric experiments. Oxygen consumption was 
measured by the conventional Warburg technique at a 
temperature of 36°. Equilibration was for 12 min. at a 
shaking rate of 80 oscillations/min. and the rate was in- 
creased to 130 oscillations/min. for the experiments. The 
total volume of reagents in the flask was 2-9 ml., and when 
bacteria were used 0-1 ml. of 20% KOH was placed in 
the centre well, together with a folded filter paper. 
The inhibitor, when used, was placed in the reaction 


- 





vessel; the substrate was added from the side arm after 
equilibration. 

Determinations of succinic-dehydrogenase activity. The 
Thunberg tube technique was as described by Umbreit, 
Burris & Stauffer (1949), except that the contents of the 
tubes were: 0-5 ml. of enzyme preparations or bacterial 
suspension: 0-5 ml. of 1:4000 methylene blue; 2-0 ml. of 
0-1m phosphate buffer, pH 7-0: 0-5 ml. of 0-02m sodium 
succinate in the hollow stopper. The time for 95% re- 
duction of the methylene blue was determined at 37°. 


RESULTS 
Dihydrostreptomycin-antagonist activity 


Table 2 shows that the ability of the natural 
mixture of substituted quinoline N-oxides isolated 
from culture filtrates of Ps. aeruginosa to prevent 
the inhibition of growth of B. pumilus by dihydro- 
streptomycin could be reproduced completely by 
a mixture of the synthetic compounds. Variations 
in length of the 2-alkyl side chain affected this 
antagonist activity of the individual N-oxides 
which was maximal with a 2-n-nonyl substitution. 
Introduction of bromine into the 3-position of the 
heptyl compound greatly increased its activity, 
whereas the corresponding 3-carboxy compound 
was inactive. 

Similar results were obtained with Staph. aureus, 
except for the 3-bromo derivative of heptyl N- 
oxide, which was only twice as active as the parent 
compound instead of approximately thirteen times 
as active, as with B. pumilus. 
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Fig. 1. Effect of hepty! N-oxide and dihydrostreptomycin 
on growth of B. subtilis in nutrient broth. The following 
were added at 4$hr.: flask I, 40 ug. of dihydrostrepto- 
mycin sulphate/ml.; II, 0-15 ug. of heptyl N-oxide/ml.; 
III, 40 ug. of dihydrostreptomycin sulphate and 0-15 yg. 
of heptyl N-oxide/ml.; IV, control. Optical-density 
readings were taken every 30 min. Mean values for the 
four flasks are plotted from 0 to 5hr., and separate 
values from 5 to 10hr. Curves of II and III were 
identical. A indicates the point at which dihydrostrepto- 
mycin and heptyl N-oxide were added. 


The dihydrostreptomycin-antagonist effect of 
heptyl N-oxide is shown in Fig. 1. Logarithmic 
growth of B. subtilis was completely inhibited by 
40 pg. of dihydrostreptomycin/ml. after an interval 
of approximately 30 min. This inhibition was re- 
duced by the simultaneous addition of 0-15 pg. of 
hepty! N-oxide/ml. to the slight inhibition pro- 
duced by the heptyl N-oxide itself. Growth of B. 
subtilis on the surface of nutrient agar was com- 
pletely inhibited during 24 hr. incubation by the 
presence of*3 pg. of heptyl N-oxide/ml. A concen- 
tration of 10 ng. of heptyl N-oxide/ml. had no effect 
on the viability of Staph. aureus under the same 
although the of the bacterial 
colonies was reduced by No significant 
antagonism of dihydrostreptomycin activity could 
be demonstrated with E. coli. 


conditions, size 


75%. 


Effect on bacterial respiration 


Oxygen uptake by washed suspensions of Staph. 
aureus in the presence of succinate was inhibited by 
heptyl N-oxide (Fig. 2). 
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Fig. 2. Inhibition by heptyl N-oxide of oxygen uptake by 
Staph. aureus with succinate as substrate. Flask con- 
tents: 4mg. dry wt. of Staph. aureus; 0-4 ml. of 0-1m 
sodium succinate; 0-2 ml. of 0-01N-NaOH (@); or 
0-2 ml. of 0-01N-NaOH containing heptyl N-oxide to 
give a final concentration of 0-35yg./ml. (O). Endo- 
genous respiration (x). Final phosphate concentration 
0-07M, pH 7:3. 


The Qo, (ul. of O,/mg. dry wt./hr.) of B. pumilus 
with succinate was lower than that of Staph. 
aureus but the sensitivity to the inhibitor was 
about the same. Both these organisms showed high 
endogenous respiration rates which were not 
reduced by the inhibitor. 

In contrast to these results with Staph. aureus 
and B. pumilus the O, uptakes of whole cell sus- 
pensions of H#. coli and Pr. vulgaris incubated with 
succinate were unaffected by concentrations of 
heptyl N-oxide up to 6yg./ml. Both these 
organisms actively oxidized succinate and had 
strikingly lower endogenous respiratory activity 
than the two Gram-positive organisms tested. 

These effects on succinate oxidation directed 
attention to possible effects of the inhibitor on the 
cytochrome system. 


Effects on cytochrome oxidation and reduction 


Direct visual spectroscopy, by the technique of 
Keilin (1925), showed that oxidation and reduction 
of the cytochrome pigments were affected. With the 
heart-muscle succinic-oxidase system and added 
succinate it was seen that 0-5yug. of heptyl N- 
oxide/ml. greatly delayed reduction of cytochromes 
a and c but not of cytochrome 6, the band of which 
appeared to be slightly intensified. 

Washed suspensions of B. subtilis showed ab- 
sorption bands corresponding fairly closely in 
position to the a, 6b and c bands of heart muscle, 
and, with succinate as substrate, reduction of the 
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oxidized a@ and c components was inhibited by 
heptyl N-oxide but reduction of the oxidized b 
component was unaffected. 

The strain of Staph. aureus showed absorption 
bands at approximately 625, 605 and 560 muz., 
which would correspond to cytochromes a,, a and 
b, respectively (Smith, 1954a). The inhibitor 
delayed reduction of the a, and a components, but 
not that of the b, component. 

Heptyl N-oxide had no effect on the oxidation or 
reduction of the cytochrome components (a, @ 
and 6,) present in whole-cell suspensions of F.coli 
and Pr. vulgaris. 


Analysis of effects on heart-muscle 
succinic-oxidase system 


In order to elucidate further the site of action of 


heptyl N-oxide, its effects on the different steps 
between succinic dehydrogenase and cytochrome 
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Fig. 3. Inhibition by heptyl N-oxide of oxygen uptake by 
heart-muscle succinic-oxidase preparation with succinate 
as substrate. Flask contents: 1-8 mg. of heart-muscle 
succinic-oxidase preparation; 0-2 ml. of 5 x 10-*m cyto- 
chrome c; 0-4 ml. of 0-4m sodium succinate: 0-2 ml. of 
0-01 N-NaOH (@); or 0-2 ml. of 0-01N-NaOH containing 
heptyl N-oxide to give a final concentration of 0-35 yg./ 
ml. (©); 0-7 yg./]. (A); 6-9 ug./ml. (x). Final phosphate 


concentration 0-14M, pH 7-3. 
JN. 


Succinate ——> Succinic dehydrogenase ——> 
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oxidase were examined. Fig. 3 shows that oxygen 
uptake by the complete system with succinate as 
substrate was inhibited. Oxidation of p-phenylene- 
diamine, however, was not affected by 6-9 ug. of 
heptyl N-oxide/ml., whether or not cytochrome c 
was added. 

It has been shown that oxidation of p-phenylene- 
diamine is brought about by cytochrome oxidase, 
cytochrome a and cytochrome c¢ (Slater, 1948). 
The failure of heptyl N-oxide to inhibit oxidation of 
this compound suggested that its site of action was 
between succinate and cytochrome c. The possi- 
bility that the inhibition of the oxidation of cyto- 
chrome b, already observed, was due to an effect on 
succinic dehydrogenase or cytochrome 6 itself was 
investigated by means of the Thunberg technique. 
No increase in reduction time of methylene blue 
was produced by the addition of 10 yg. of heptyl 
N-oxide/ml. to the reaction mixture. It seemed 
possible that the methylene blue might have 
inactivated the N-oxide, thus preventing an effect 
on succinic dehydrogenase. The antagonist activity 
of the N-oxide with B. pumilus as test organism 
was unaffected, however, by the addition of methyl- 
ene blue in the same proportion as in the Thunberg 
tubes. It was unlikely, therefore, that any modi- 
fication of the N-oxide molecule had occurred, and 
it would appear that succinic dehydrogenase is not 
affected by this inhibitor. 

When spectroscopic examinations were made on 
heart-muscle preparation to which had been added 
successively succinate, heptyl N-oxide and oxalo- 
acetate or malonate, it was found that the strong 
cytochrome 6 band was partially oxidized by the 
addition of methylene blue. The addition of 2:6- 
dichlorophenolindophenol (dichloroindophenol) in 
place of methylene blue to a similar preparation 
brought about a more rapid and complete disap- 
pearance of the band of reduced cytochrome 86, 
coincidently with the reduction of the dye. When 
this was repeated without added oxaloacetate or 
malonate the band of reduced cytochrome 6 
decreased in intensity but did not completely 
disappear. Aeration of this preparation resulted 
in the disappearance of the bands of reduced 


p-Phenylenediamine 


> O, 


> 0, 


Fig. 4. Electron transport in heart-muscle succinic-oxidase system, showing possible site of action of heptyl N-oxide. 
X represents unknown factor (Slater, 19496; Potter & Reif, 1952). The arrows indicate direction of electron transfer. 


The interrupted line indicates the possible site of action. 
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cytochromes a and c, and theb band became fainter. 
After cessation of aeration the three bands re- 
appeared or intensified, but the time for return of 
the a and c bands was much less than when heptyl 
N-oxide was present without dichloroindophenol. 
Thus the dichloroindophenol had apparently 
partially overcome the inhibition due to the heptyl 
N-oxide. Results in all respects similar to these 
were obtained with antimycin A in place of heptyl 
N-oxide. In contrast to the behaviour of reduced 
cytochrome 6b in the inhibited system containing 
either of the two dyes was the finding that the 
heptyl N-oxide inhibited auto-oxidation of cyto- 
chrome b. Keilin & Hartree (1939) described the 
auto-oxidation of cytochrome 6b in heart-muscle 
succinic-oxidase preparation inhibited with oxalo- 
acetate and cyanide. In this sytem aeration caused 
the cytochrome b band to disappear and, using the 
same technique, we have found that the heptyl 
N-oxide prevented the disappearance of the reduced 
cytochrome b band even after prolonged aeration; 
similar results were obtained with antimycin A. 

The ability of dichloroindophenol to counteract 
the inhibitory effect of heptyl N-oxide in heart- 
muscle succinic-oxidase system has been confirmed 
manometrically. Results were obtained resembling 
those of Potter & Reif (1952), who examined the 
effect of certain dyes on the antimycin A-inhibited 
heart-muscle system. 


Effects on cell-free preparations of 
Escherichia coli and Proteus vulgaris 


The failure of heptyl N-oxide to antagonize 
significantly the activity of dihydrostreptomycin 
against EH. coli and the lack of inhibition of growth, 
oxygen consumption and cytochrome reduction 
with both E. coli and Pr. vulgaris suggested the 
possibility that the N-oxide did not penetrate into 
the cell. 

It was found that when washed whole suspensions 
of B. subtilis or Staph. aureus were suspended in 
a solution of heptyl N-oxide in phosphate buffer 
at pH 7-0 and then centrifuged, 100 and 80% 
respectively of the antagonist activity (anti- 
dihydrostreptomycin activity) was lost from the 
supernatant solution. By extracting the centri- 
fuged cells with 0-01N-NaOH at 100°, 10-15% of 
the activity could be recovered. 

Similar experiments performed with E. coli 
and Pr. vulgaris showed that the whole of the 
activity remained in the supernatant fluid after 
centrifuging. When cell-free preparations of 
E. coli and Pr. vulgaris were used, however, 
90% of the activity of the added heptyl N-oxide 
was removed by centrifuging at 17000g. All of 
this activity could be recovered from the insoluble 
deposit by extraction with 0-01N-NaOH at 100°. 
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Direct spectroscopic examination of the cell-free 
preparations of HE. coli and Pr. vulgaris showed 
absorption bands at 625 and 560 mu. corresponding 
to cytochromes a, and b, as in the whole cells, but 
the a, band was rather faint. Whereas, however, in 
whole cells the oxidation and reduction of these 
cytochrome components with added succinate was 
unaffected by the addition of heptyl N-oxide, in 
the cell-free preparations reduction of both 
oxidized cytochromes a, and 6, was inhibited. This 
inhibition of reduction of oxidized cytochrome 6, is 
in direct contrast to the behaviour of the cyto- 
chrome b components in heart-muscle succinoxi- 
dase, the b component in B. subtilis and the b, in 
Staph. aureus. 

Manometric experiments showed that oxygen 
uptake by cell-free preparations of H. coli with 
succinate as substrate was inhibited by the heptyl 
N-oxide (Fig. 5). Similar results were obtained with 
Pr. vulgaris. The inhibition was less than that 
produced by comparable concentrations of the 
inhibitor with whole-cell suspensions of Staph. 
aureus. There was, however, a suggestion that the 
‘b,’ component of the Gram-negative organisms 
tested was complex. Although aeration of sus- 
pensions, in the presence of inhibitor, caused the 
disappearance of the main part of the absorption at 
560 muz., a faint band persisted in spite of vigorous 
aeration. 


200 
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Fig. 5. Inhibition by heptyl N-oxide of oxygen uptake by 
E. coli cell-free preparation with succinate as substrate. 
Flask contents: E. coli preparation, 0-5 mg. dry wt.; 
0-4 ml. of 0-1m sodium succinate: 0-2 ml. of 0-01N- 
NaOH (@); or 0-2ml. of 0-01N-NaOH containing 
heptyl N-oxide to give a final concentration of 0-69 yg./ 
ml. (O); 6-9 wg./ml. ( x). Final phosphate concentration, 
0-14M, pH 7-3. 
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Table 3. Relative inhibitory activities of various substituted quinoline N-oxides on oxygen uptake 
by heart-muscle succinic-oxidase system 


Approximate relative 


Compound activities 
2-n-Heptyl-4-hydroxy quinoline N-oxide 1 
2-n-Heptyl-3-bromo-4-hydroxyquinoline N-oxide 2-5 
2-n-Nonyl-4-hydroxyquinoline N-oxide 3-0 
2-n-Undecyl-4-hydroxyquinoline N-oxide 3-0 


Effect of other quinoline N-oxide derivatives on 
heart-muscle succinic-oxidase system 


The inhibitory activities of certain other de- 
rivatives on the heart-muscle succinic-oxidase 
system, when compared manometrically with that 
of heptyl N-oxide, are shown in Table 3. 


DISCUSSION 


It is clear from the results presented that both the 
heart-muscle and bacterial cytochrome systems 
are sensitive to the inhibitory action of micro- 
molar concentrations of the heptyl N-oxide. In the 
heart muscle the site of action is between succinic 
dehydrogenase and cytochrome c. The presence of 
an unknown factor, in addition to cytochrome b, 
participating in electron transport between the 
dehydrogenase and cytochrome c in this system has 
been postulated by several workers, e.g. Straub’s 
S.C. factor (1942) and Slater’s factor (19496). The 
evidence for such a factor is circumstantial and 
based on inactivation studies, which show that the 
succinic-oxidase system can be inactivated without 
inactivating either cytochrome oxidase, cyto- 
chromes ¢ and a or succinic dehydrogenase and 
cytochrome 6. As has been stressed by Keilin & 
Hartree (1949) and Slater (1949c), such inactiva- 
tion could be due either to specific interference with 
an unknown intermediate between cytochromes c 
and 6 or to some change in the spatial relationship 
of the different components within the insoluble 
system which they form. The latter explanation 
has been claimed by Keilin & Hartree (1949) and 
Slater (1949c) to account for the evidence for the 
existence of the S.C. factor. More recently, how- 
ever, Widner, Clark, Neufeld & Stotz (1954) have 
produced further evidence for the existence of the 
8.C. factor which they claim to have concentrated, 
although they have not been able to separate the 
factor from succinic dehydrogenase and cytochrome 
b. The step between cytochromes 6 and c in heart- 
muscle succinic oxidase has been shown by Potter 
& Reif (1952) to be sensitive to antimycin A, 
at very low concentrations which do not affect 
electron transport on either side of the b to c step. 
This inhibition, which is very specific, has been 
assumed to be due to combination with a factor 


6-n-Heptyl-4-hydroxyquinoline N-oxide 0 


between cytochromes 6 and c¢ rather than to a 
disturbance of spatial relationship which would be 
expected to affect cytochrome-oxidase and succinic- 
dehydrogenase activities. So far, however, since no 
factor has been isolated and characterized, direct 
evidence cannot be obtained. 

The effects of the alkyl-substituted quinoline 
N-oxides on heart-muscle succinic oxidase resemble 
those of antimycin A very closely and suggest that 
the same site of action is involved in this system. 
Whereas, however, the substituted quinoline N- 
oxides are as active in inhibiting certain bacterial 
cytochrome systems, antimycin A is inactive. It 
has been suggested (Smith, 19546) that the failure 
of antimycin A to inhibit cytochrome pathways in 
bacteria may be due either to failure to penetrate 
the cell or to an absence of the ‘Slater factor’ from 
the bacteria. Even with cell-free preparations of 
E. coli and Staph. aureus we have been unable to 
demonstrate inhibition of cytochrome or succinate 
oxidation by 0-7yg. of antimycin A/ml.; so it 
seems improbable that lack of penetration into the 
cell accounts for the absence of sensitivity. 

In addition to the results here reported, it is also 
known that the heptyl N-oxide inhibits oxidation 
of reduced Co I, both by the heart-muscle system 
and cell-free bacterial extracts, but that the di- 
aphorase activity of the heart-muscle preparation 
is unaffected (Jackson & Lightbown, 1956). This 
further emphasizes the similarity of the action of 
the heptyl N-oxide and of antimycin A in the heart- 
muscle system, in which oxidation of reduced Co I 
has been claimed to involve an unknown factor 
(Slater, 1950) and is inhibited by antimycin A 
(Potter & Reif, 1954). The inhibition of such 
oxidation by the heptyl N-oxide in heart muscle, 
and in the £. coli and Staph. aureus preparations 
again suggests that some similar sensitive step is 
present in all and that it is concerned with the 
same processes in the different systems. 

It seems unlikely that the mechanism of inhibi- 
tion will be explained until the affinity of isolated 
individual components of the cytochrome system 
for inhibitors such as the substituted quinoline N- 
oxides or antimycin A can be tested. If the inhibi- 
tion is due to surface-active interference with the 
spatial relationships of the components of the 
pathway, the surface activity must be highly 





136 


specific, disturbing only one link in the chain in 
heart-muscle succinic oxidase and producing a 
similar effect in bacteria without affecting the 
viability of these cells. Such a mode of action of 
the inhibitor would necessitate only the adjacent 
cytochromes at the sensitive step being separated, 
without the inhibitor combining with the sites 
active in electron transport. In order to do this the 
inhibitor must combine specifically with either 
cytochrome c or 8, in the heart-muscle preparation, 
or with an intermediate factor if it exists. That the 
substituted quinoline N-oxides and antimycin A 
are highly active against heart-muscle succinic 
oxidase in the presence of excess of added cyto- 
chrome c would suggest that cytochrome c is not 
the site of action. It is more difficult to exclude the 
possibility that the site of action is cytochrome b. 
Until cytochrome 6 is isolated in a functionally 
active form, only spectroscopic evidence can be 
obtained which is difficult to evaluate. However, 
in the inhibited succinic-oxidase system the cyto- 
chrome 6 can still be readily reduced by the de- 
hydrogenase and oxidized by dichloroindophenol 
which, if it is a single component, would suggest 
that it is unaltered. It is claimed by Green & 
Beinert (1955) that the cytochrome b component 
contains several haem groups, and it would appear 
possible that the dyes may be linked with a group 
different from that linking the cytochrome oxidase 
and cytochromes a and c. In the absence of further 
evidence, the most plausible explanation of our 
results seems to be that the site of action is an 
unknown component in the electron-transport 
pathway between cytochromes 6 and c. If such a 
factor is the site of action it must be auto-oxidizable 
and responsible for the apparent auto-oxidation of 
cytochrome ), since this is inhibited by the heptyl 
N-oxide and antimycin A. This effect on auto- 
oxidation of eytochrome 0b is not observed with 
other inhibitors such as urethane (Keilin & 
Hartree, 1939) and would suggest a specific inter- 
ference with oxidation rather than a physical effect 
on spatial relationship. 

Two explanations of the failure of antimycin A 
to affect the bacterial systems seem possible. There 
might be a common step sensitive to heptyl N- 
oxide and insensitive to antimycin A in both the 
heart-muscle and bacterial systems, but if this is so 
it is necessary to postulate a second step which is 
antimycin-sensitive between cytochromes b and c 
in the heart-muscle system. It is perhaps more 
likely that the two systems possess functionally 
similar components sensitive to heptyl N-oxide 
but differing slightly in structure. The differences 
in the spectroscopic absorption maxima of the 
reduced cytochromes in the bacteria and heart 
muscle imply differences in chemical structure, 
although the pigments appear to be functionally 
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similar. The structure of antimycin A is not known, 
but its molecular weight is at least twice that of the 
heptyl N-oxide (Ahmad, 1949). This difference is 
not large, but it is conceivable that differences in 
spatial relationship in the organized bacterial- 
cytochrome systems might prevent access of 
the large antimycin A molecule to the sensitive 
site. 

The behaviour of the cytochrome 6, components 
of E. coli and Pr. vulgaris, in the cell-free prepara- 
tions treated with heptyl N-oxide differed strik- 
ingly from that of the Staph. aureus b component 
(usually also called b,). Whereas reduction of the 
oxidized pigments was inhibited in the former 
cases, in the latter case oxidation of the pigment 
was prevented. This suggests that in spite of the 
similarity of the absorption bands of the reduced 
forms of these substances, the b, components of 
E. coli and Pr. vulgaris occupy a different level in 
the respiratory chain, relative to the heptyl N- 
oxide sensitive step, from that of the Staph. aureus 
b, component. This does not exclude the possibility 
that H. coli and Pr. vulgaris have a ‘b’ component 
which behaves similarly to that of Staph. aureus. 
The application of quantitative spectroscopic 
methods would be necessary to assess the signifi- 
cance of a portion of the b, band of LZ. coli and Pr. 
vulgaris preparations which persists in spite of 
vigorous aeration in the presence of heptyl N- 
oxide. The asymmetric nature of the b, band of FL. 
coli and the possibility that it might be composed of 
two fused bands belonging to two distinct com- 
pounds has been mentioned by Keilin & Harpley 
(1941). 

The mode of action of the substituted quinoline 
N-oxides in antagonizing the inhibitory action of 
dihydrostreptomycin is not at present clear. Con- 
centrations of the heptyl N-oxide, which are 
effective against dihydrostreptomycin, are sufficient 
to produce marked inhibition of electron transport 
in the cytochrome systems of the organisms 
studied, but by themselves have relatively little 
effect on the growth rate in broth. The possibility 
that the inhibition of electron transport and 
antagonism towards dihydrostreptomycin are 
related is suggested by the parallelism between the 
two activities in the various alkyl N-oxides; 
maximum activity both for antagonism and inhibi- 
tion of cytochrome electron transport was obtained 
with a 2-alkyl chain length of nine carbons. 
Removal of the oxygen atom from the nitrogen 
resulted in loss of both activities, and introduction 
of a bromine atom in the 3-position increased the 
cytochrome effect as well as antagonist activity. 
Loss of both activities also resulted when the hepty]l 
side chain was moved from the 2- to the 6-position. 
It is perhaps not surprising, considering the 
association of the cytochrome inhibition and 
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antagonist activities, that antimycin A was found 
not to counteract the inhibitory action of dihydro- 
streptomycin on bacteria. 


SUMMARY 


1. 2-Alkyl-4-hydroxyquinoline N-oxides antag- 
onized the inhibitory activity of dihydrostrepto- 
mycin against Bacillus subtilis and Staphylococcus 
aureus but not Escherichia coli or Proteus vulgaris. 

2. The dihydrostreptomycin antagonist activity 
was affected by the length of the 2-alkyl chain, 
being maximal with a nony] side chain. The nitrogen 
oxide group was essential for activity. 

3. 2-n-Heptyl-4-hydroxyquinoline N-oxide (hep- 
tyl N-oxide) inhibited heart-muscle  succinic- 
oxidase activity but not cytochrome oxidase or 
succinic dehydrogenase or reduction of cyto- 
chrome Db. 

4. Oxidation of reduced cytochrome b by cyto- 
chrome c in the heart-muscle preparation was in- 
hibited by heptyl N-oxide. The inhibition was 
strikingly reduced by 2:6-dichlorophenolindo- 
phenol. 

5. Heptyl N-oxide inhibited growth of B. 
subtilis and Staph. aureus. This inhibition probably 
occurred as a result of interference with terminal 
respiration, and was associated with effects on 
cytochrome oxidation and reduction comparable to 
those found with heart-muscle succinic oxidase. 

6. Heptyl N-oxide had no effect on respiration 
of whole cells of E. cola and Pr. vulgaris, but in- 
hibited respiration of their cell-free preparations. 
The failure to inhibit respiration of whole cells is 
probably due to non-penetration of the cell by 
heptyl N-oxide. 

7. The effect of heptyl N-oxide on oxidation of 
cytochrome b, in EF. coli and Pr. vulgaris suggests 
that these pigments are functionally different 
from the cytochrome 6 and 6, of heart muscle and 
Staph. aureus respectively. 

8. No qualitative difference was observed in the 
effects of heptyl N-oxide and antimycin A on the 
heart-muscle succinic-oxidase system. Antimycin 
A was, however, inactive against the bacterial- 
tested, even in cell-free 


cytochrome systems 


preparations. 
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9. The modifications of the quinoline N-oxide 
molecule which resulted in loss or reduction of 
dihydrostreptomycin-antagonist activity were ac- 
companied by loss or reduction of the effect on 
eytochrome electron transport. 


We wish to thank Dr R. E. Bowman of Parke, Davis and 
Co. for the sample of 6-n-heptyl-4-hydroxyquinoline \- 
oxide. We also wish to thank Dr E. F. Hartree for demon- 
stating to us the microspectroscopical techniques used. 
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The separation of volatile substances by gas— 
liquid chromatography (James & Martin, 1952; 
James, Martin & Smith, 1952; James, 1952; 
James & Martin, 1954; Ray, 1954a,b) requires 
that the substances be detected as they leave the 
chromatogram in the stream of gas that acts as the 
mobile phase of the system. A number of methods 
of detection of varying sensitivity have already 
been developed (James & Martin, 1952; Ray, 
1954a; Griffiths, James & Phillips, 1952; Griffiths 
& Phillips, 1954), but we have felt it important to 
use a detector of high sensitivity whose response 
was independent of the chemical structure of the 
substances being separated. 

From many points of view measurement of the 
density of the gas stream emerging from the 
chromatogram is attractive, since response is 
dependent on the molecular-weight differences of 
gas and vapour only, and calibration is relatively 
simple. Claesson (1946) has described an apparatus 
for comparing the density of a standard gas and 
that issuing from a chromatogram in which a 
liquid manometer is used to detect pressure 
differences between columns of gas 6 ft. long. The 
sensitivity of this apparatus suffices only for 
measuring the high concentrations encountered in 
displacement analysis. The pressure differences 
due to the flow of gas were kept very small by the 
use of large-diameter tubes; this resulted in the 
volume of the apparatus being very large. 

In the design of an instrument based on the same 
principle (the gas-density meter) we have compen- 
sated for the pressure difference due to flow by 
employing tubes arranged as a bridge circuit in 
which two points can be found, vertically dis- 
placed from one another, where the pressure 
difference is independent of the rate of flow of gas. 


It is possible to combine two such-bridges in one of 


which chromatogram gas flows and in the other 
a reference stream, so that the difference in head 
due to the density difference of the two gases is 
directly measurable. 


The apparatus 
The general arrangement is shown in Fig. 1. 


Gas from the chromatogram enters at A, divides 
upwards and downwards into two approximately 


equal streams along B and B’ and along the inclined 
channels C and C’, to combine again at H through 
channels D and D’. Reference gas enters at F, 
splits into two approximately equal streams along 
G and G’, then through channels H, J, K and H’, 
J’, K’ and then combines with the chromatogram 
stream in D and D’, to emerge at the common 
outlet EL. 

The channels D and D’ contain rods N and N’, 
one of which can be pushed into or withdrawn from 
the channel until the ratio of resistance to flow in 
channels D and D’ is equal to the ratio of resistance 
to flow in channels B, C and B’, C’. The pressure 
difference between the points where C joins D and 
C’ joins D’ is then independent of the rate of flow 
of gas through A. Similarly, the channels G and G’ 
contain two rods, one adjustable so that the ratio 
of resistance to flow in channels G, H, J, K and G@’, 
H’, J’, K’ can be matched against that in the first 
circuit. If the resistance to flow in J’, K’ and J, K 
is the same, the pressure difference between the 
ends of the tube L, L’, which passes through the 
detector M, is independent of the rate of flow of 
gas through either A or F, and is in fact zero if the 
density of the gases entering at A and F is identical. 
If, however, the density of the gas entering at A is 
greater than that at F’, the pressure at L’ is less 
than that at L and a flow of gas through the detector 
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Fig. 1. Schematic diagram of the gas-density meter 
showing enlarged sections of the flow detector M. For 
details see text. 
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M takes place. Provided that all the velocities are 
low, the rate of flow of gas through LZ, L’ will be 
proportional to the density difference. 

It will be noticed that the channels C, K and C’, 
K’ are inclined to the horizontal; this is to ensure 
that when the gas entering at A is much heavier 
than that entering at F’, it will form a stable layer 
at the entrance to D and D’ and there will be no 
tendency for heavy gas to spill over into /J/, or light 
gas into B’. 

The channels D, D’ and G, G’ are of relatively 
small diameter so that the flow through them is 
practically unaffected by the pressure changes due 
to the differences in density. The apparatus has 
been designed to have the greatest possible 
symmetry, so that any transient changes of pressure 
shall cause no flow through L, L’, and so that, if 
the resistance to the flow of gas includes factors due 
to velocity as well as to viscosity, the ratio of 
resistance shall be affected only to a second order 
by a change in the rate of flow. 

The detector consists of a disk-shaped cavity M 
(Fig. 1) with a horizontal axis which lies midway 
between the tubes J’ and J and is connected to 
them by the tube L, L’, whose axis is parallel 
to, but displaced horizontally from, the disk axis. 
Along the axis of the tube L, L’ is strung a pair 
of thermocouples of constantan and copper, the 
conjunctions of which lie approximately in the 
planes of the sides of the disk. Beneath the central 
constantan section is a small Nichrome heater; 
a stream of hot convected gas circulates from this 
within the disk. The thermocouples and heater are 
placed so that when no gases pass through the 
tube L, L’ the junctions of the thermocouples are 
heated to the same temperature. A flow of gas 
through this tube causes a displacement of the 
hot convected stream, so that the junction at the 
side at which the gas enters becomes cooler and 
that at the side at which it leaves becomes hotter. 
The output of the thermocouples thus provides a 
measure of the direction and velocity of the gas 
flow and therefore of the density’ difference of the 
chromatogram and reference-gas streams. 

As only reference gas passes through DL, L’ no 
pyrolysis of vapours from the chromatogram can 
occur, and the heater and thermocouple need not 
be chemically resistant to the substances separated 
by the column. 

The details of the apparatus are described in the 
Experimental section. 


Sensitivity 


The sensitivity of the apparatus is clearly 
dependent on the lengths of the columns whose 
density is being compared. It can easily be shown 
that to obtain maximum velocity along the line of 
the thermocouple the ratio of length to the fourth 
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power of the diameter of L, L’ should be equal to the 
ratio of the length of the main channels BB’, CC’, 
KK’ and J to the fourth power of their common 
diameter, and that, other things being equal, the 
velocity is proportional to the cross-sectional area 
of the tubes. It is therefore probable that the 
sensitivity of the apparatus varies directly with the 
volume of the main channel, though this has not 
been experimentally verified. 

The sensitivity of the detector depends obviously 
on the power dissipated by the heater since the 
slope of the thermal gradient will increase with 
heater output. The temperature gradient along the 
thermocouple is reduced by conduction of heat 
along the wire itself, and hence the thinner the 
wire the more sensitive it will be. The optimum 
length of the centre constantan portion of the 
thermocouple was found experimentally to be 
approximately the width of the cavity. 

The nature of the gas filling the detector was 
found to affect greatly the sensitivity of the instru- 
ment. Thus the sensitivity in hydrogen was of an 
order of magnitude less than that in nitrogen, 
presumably because the higher thermal con- 
ductivity of hydrogen reduced the temperature 
gradient and the smaller density reduced the part 
played by convection in the cavity. The importance 
of this convection was shown by the fact that in- 
version of the apparatus, which causes the con- 
vection stream to be directed away from instead of 
towards the thermocouple, reduced the sensitivity 
to about a quarter of its former value. Using 
nitrogen as the carrier gas, we have been able to 
detect 1 molecule of pentanol in 10000 molecules 
of nitrogen. a 
Stability 

The sensitivity of the apparatus can always be 
increased by increasing the amplification of the 
thermocouple output, but a limit is set to useful 
amplification by the zero stability. With this 
apparatus a difference in temperature of 0-001° 
between the principal channels is all that can be 
tolerated ; hence the whole apparatus is constructed 
from a solid block of copper immersed in the vapour 
of the pure liquid used to provide the vapour jacket 
for the chromatogram. The sensitivity of the zero 
to temperature fluctuations depends on the density 
of the reference gas, and hydrogen should therefore 
be the best carrier gas, provided that adequate 
amplication is available. With the amplifier we 
have used (Sunvie amplifier) it is preferable to use 
nitrogen. A limit is set to the rate of flow of gas 
through the apparatus by the onset of turbulence, 
probably at the ends of the adjusting rods. This 
turbulence begins suddenly at a particular rate of 
flow which is in fact higher than any we have 
found convenient with our small chromatograms. 
For very large columns it would be sufficient to 
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bleed off continuously from the chromatogram 
a small sample to the apparatus and keep the rate 
of flow to an appropriate level. 


1X PERIMENTAL 
Construction of the gas-density meter 


This apparatus has been patented (B.P. Appl. no. 24864/53) 
and modified versions will be available from C. F. Casella 
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and Co. Ltd., Regent House, Fitzroy Square, London, W. 1, 
and also Griffin and George, Ealing Road, Alperton, 
Middlesex. 

The meter itself is constructed from a block of copper 
2 in. square and 6 in. long (Fig. 2B); the holes drilled in it 
are shown in Figs. 2-5, labelled in conformity with the 
schematic diagram (Fig. 1). (Because of the difficulty of 
interpreting these diagrams it was found convenient to 
make a full-scale model of the central block from a similar- 
sized piece of Perspex.) 





Fig. 


2. (A) Plan view of gas-density meter block in its case, showing the position of the heater insert (1), the thermocouple 


supports (2) (2), one of the support trunnions (3) and the column vapour jacket (4). (B) Plan view of gas-density 
meter block, showing position and dimensions of some of the channels. 
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Fig. 3. (A) Cross-section of the gas-density meter block and case taken through the centre of the flow detector at LL’ 
(see Fig. 1). The position of the sections shown in Figs. 4 and 5 is indicated by 1-1, 2-2, 3, and 44. The main 
channels are shown as BB’, J’ and J. (B) Enlarged diagram of the heater and thermocouples. (i) and (ii) thermo- 


couple welded joints; (iii) heater. 
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The channels BC, J and K (Figs. 4, 5) are all Zin. in 
diameter, and A, D, E, F, G, H, are 3; in. in diameter. 
Where the columns are let into the block (Fig. 5) the 
diameter of A is increased to 53; in. in diameter. The tubes 
L, L’ (Fig. 4B) are 3;in. indiameter, though the subsequent 
work has shown that this can be increased to 4 in. with 
advantage. The cavity M is lin. in diameter and } in. 
thick. 

The thermocouples are constructed of 50 s.w.a. (0-001 in.) 
copper and constantan which have been welded electrically. 
In the original model the outer case was constructed of 
brass, but we now recommend that copper be used. 

It is desirable that the whole apparatus should be hard- 
soldered; this has proved a difficult operation, and the 
most satisfactory method appears to be to silver-plate the 
surfaces to be united with approximately 0-00025 in. of 
silver and then to heat the whole in an atmosphere of 
hydrogen at 850° for a few minutes. (We are indebted to 
Dr Ivor Jenkins of the G.E.C. Research Laboratories for 
informing us of this technique.) The block must be gas- 
tight, and this may be tested by blowing it up to a pressure 
of an atmosphere or two and painting the outside with 
Teepol (Shell Chemicals Ltd.). The thermocouples are 
strung through glass capillary tubes which have been 
ground to fit into a conical hole in a shouldered copper plug 
(Fig. 6A) which is held in the block by a screwed outer 
sleeve, gas-tightness being ensured by a lead washer 
between the sleeve and the plug. The glass capillary is 
cemented to the copper plug with Araldite cement (Aero 
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Research Ltd., Duxford, Cambridge). At the other end of 
the capillary a copper cap terminates in a small tube of 
~¢ in. outside diameter and drilled with a no. 80 drill. The 
thermocouple is mounted in the following way: the com- 
pleted assembly of copper plugs and capillary tubes and 
outer sleeves are threaded with a double loop of 50 s.w.c. 
constantan wire and are assembled into the block with the 
wire threaded through the tubes L, L’. The block is then 
placed so that the capillaries are vertical, and the thermo- 
couple is now drawn roughly into position by means of the 
loop. The upper end of the thermocouple is attached to 
some device that can be moved slowly and steadily, and a 
weight of 3 g. is carefully attached to the other end. By 
the use of a microscope illuminated through the eyepiece 
and with a 2 in. objective, the thermocouple is adjusted to 
be symmetrically placed inside the cavity M. The end of 
the tube protruding from the copper cap (Fig. 6A) at the 
end of the upper glass capillary is now pinched flat by a 
pair of small pliers; this fixes the thermocouple in place and 
provides a gas-tight seal. The lower cap is then similarly 
treated and the thermocouple is thus left taut. Electrical 
contact to these end caps is made by copper clips. By 
avoiding the use of any metal but copper the only para- 
sitic thermoelectric potentials that one has to fear are the 
very small ones between annealed and cold-worked copper. 

The heater insert (Fig. 6 B) is constructed from brass and 
contains a thin-walled glass capillary tube through which 
passes an 18 s.w.G. copper wire, hard-soldered at the outer 
end to a copper plug } in. in diameter (i), the wire being 





Fig. 4. (A) Section of gas-density meter along the line 2-2 from Fig. 3.4, showing the position of the channels BB’, C, 
D, K, J and D’, the adjustable compensating rod N’, and the support trunnions. (B) Section of gas-density meter 
along the line 44 from Fig. 3.4, showing the channels J, J’, @, D’ and D and the adjustable compensating rods P 
and N’. (C) Part section of the gas-density meter along 3 from Fig. 3A, showing the exit channel E and the fixed 


and adjustable compensating rods in channel DD’. 
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cemented in place with Araldite. A short piece of 18 s.w.a. 
copper (ii) is hard-soldered to the inner end of the heater 
insert. The heater proper (iii), a hairpin of 30 s.w.a. 
Nichrome } in. long, is hard-soldered to the two 18 s.w.a. 
wires. The electrical supply to the heater is connected by 
a clip to the plug protruding from the outer end of the 
heater insert and to the case of the block. A current of 
2-34 is sufficient to raise the heater temperature to 600- 
800°. The sensitivity of the apparatus depends on the 
energy dissipated in the heater, but a baretter (constant- 
current regulator, Tungsram BR 300-0 C) in series with the 
transformer supplying the current has been found to give 
adequate constancy of output. The Nichrome wire heater 
lies parallel to and below the axis of the insert, so that a 
slight degree of lateral adjustment is possible by rotating 
the insert, which is provided with a hexagon at its outer end 


Chromatogram Comparison 


SB BH column 
qj I 





Fig. 5. Section of gas-density meter along the line 1-1 
from Fig. 3.4, showing a column and gasket inserted in 
the block and the fixed and adjustable compensating 
rods. 





Fig. 6. 
supports. 
Copper plug; (ii) copper wire; (iii) heater wire. 
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(A) Cross-section of one of the thermocouple 
(B) Cross-section of the heater insert. (i) 
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to allow its adjustment by a spanner. The insert is held in 
place by a sleeve with a cross-head passing over two bolts 
fixed to the block. Gas-tightness of the insert is ensured by 
the presence of lead washers beneath the sleeve. 

The case, separated from the block by a gap of } in., is 
hard-soldered to the bosses protruding from the block. 
The bottom of the case is sloped, so that a pool of liquid 
cannot collect and so contaminate a new solvent introduced 
into the boiler when the operating temperature is changed. 

The two chromatographic columns are housed in a double- 
walled tube, the inner member of which is soldered to the 
top of the block and the outer member to the case. A 
condenser is connected to the top of this vapour jacket 
(Fig. 7), and the condensate returns to the boiler through 
a U-trapped tube. This trap prevents circulation of the cold 
air from the condenser into the main vapour stream. The 
trap is provided with a drain cock for use when the liquid 
in the boiler is changed. The double-walled tube has two 
staggered joints (Fig. 7) in the inner and outer tubes; the 
inner one projects 3 in. farther from the block than the 
outer one, and this permits the long tubes to be soldered 
independently. 
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Fig. 7. Schematic diagram of gas-liquid chromatographic 
apparatus in which the gas-density meter is used as the 
detector. 
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A lin. diameter tube is attached to the bottom of the 
case which has at its lower end a flange 2} in. in diameter; 
the condensate from the condenser enters its side above this 
flange (Fig. 7). A standard glass cone (B24) flanged at its 
upper end is held against the brass flange by three screws 
passing through a brass ring. An asbestos ring is provided 
on either side of the glass flange to prevent cracking when 
the holding screws are tightened. 

The boiler consists of a 11. round-bottomed glass flask 
with a standard taper neck (B 24) held in an electric heating 
mantle by means of three springs. The whole apparatus is 
supported in a frame by two trunnions; these project from 
the walls of the case (Fig. 4A) along an axis at right angles 
to the line of the thermocouples, which rest in two fixed 
V supports. The top of the column vapour jacket is clamped 
to a screw-operated slide, so that by movement of the screw 
the entire apparatus can be tilted on the trunnions. 

The leads from the thermocouples are connected to a 
Sunvie d.c. amplifier (DC AI-MK II, Sunvic Controls Ltd., 
London, W.C. 2) giving an output of 5ma for a 100pVv 
input; a switch on the instrument is available to reduce the 
sensitivity by factors of 10, 100 or 1000. The output of the 
amplifier goes to a 5 ma recording galvanometer (Murday 
type, Evershed and Vignoles Ltd., Acton Lane Works, 
Chiswick, London, W. 4). 


Setting up the apparatus 


Two columns are packed with identical material using 
a high-boiling stationary phase (see James & Martin, 1952), 
fitted with valve-rubber gaskets for working temperatures 
up to 137° (above this temperature silicone rubber should 
be used), passed into the vapour jacket and into the holes in 
the block. It is convenient to start the apparatus at 100° 
with water in the boiler and to allow time for temperature 
equilibration. Nitrogen from the manostat (James & 
Martin, 1952) is permitted to pass down both columns, with 
an excess pressure of approximately 1 atm. This should be 
allowed to continue for an hour or two to remove low- 
boiling impurities from the columns and the block, and to 
remove occluded material from the rubber-tubing con- 
nexions. Unless this initial cleaning-up procedure is 
adopted it is impossible to obtain proper stability and 
proper adjustment of the apparatus. The flow of gas in both 
columns is then stopped, and the heater insert is slackened 
and rotated until the thermocouple output is as close as 
possible to zero; the heater insert is then retightened. The 
thermocouple output is then adjusted to zero by tilting the 
apparatus with theslide. Gasis then allowed to flow through 
the chromatogram tube alone and the adjusting rod N is 
moved after slackening the gland nut until the instrument 
is again balanced, when the gland nut is retightened. On 
again cutting off the flow of gas the instrument should still 
be in balance; if not, the flushing-out period was insufficient. 
Gas is now admitted to both columns and the adjusting 
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rod P (Fig. 4B) is moved, after its gland nut has been 
slackened, until balance is reattained. The apparatus should 
now be in sufficient balance over all possible rates of flow in 
either column for complete balance to be obtainable by the 
use of the fine adjustment given by tilting the apparatus. 
At very high rates of flow true balancing becomes im- 
possible, and the adjusting rods may have to be reset for 
these special conditions. If it proves impossible to balance 
the apparatus, leakage at some point is indicated. The 
application of jet of compressed air to the plugs on the 
block will soon reveal this leakage point unless this is from 
the heating jacket to the inside of the block (this should be 
tested before the case is put on). Once this complete 
procedure has been followed, a change of columns or of 
temperature should make only a small alteration to the 
zero of the instrument, which can be corrected by adjust- 
ment of the slide tilting the apparatus. 

Occasionally on changing the boiler liquid a cyclic 
fluctuation of the zero may be seen; this is due to in- 
sufficient removal of the more volatile impurities in the 
liquid, causing a fluctuation of the temperature of the 
block as the more volatile liquid runs back to the boiler, 
Drawing liquid from the trap beneath the condenser for a 
few minutes is usually sufficient to cure the trouble. 

Examples of the use of this apparatus can be seen in the 
next paper, and in papers by James (1955a, b). 


SUMMARY 


1. A highly sensitive detector of vapours in gas 
streams, suitable for use with the gas—liquid 
chromatogram, is described. 


We should like to thank Mr R. Bowers and Mr D. G. 
Childs for help in the construction of the apparatus, and 
Mr C. Couling for some of the drawings. 


REFERENCES 


Claesson, 8. (1946). Ark. Kemi Min. Geol. 23A, no. 1. 

Griffiths, J. H., James, D. H. & Phillips, C. S. G. (1952). 
Analyst, 77, 897. 

Griffiths, J. H. & Phillips, C. S. G. (1954). J. chem. Soc. 
p. 446. 

James, A. T. (1952). Biochem. J. 52, 242. 

James, A. T. (1955a). Research, Lond., 8, 8. 

James, A. T. (19556). Mfg Chem. 26, 5. 

James, A. T. & Martin, A. J. P. (1952). Biochem. J. 50, 679. 

James, A. T. & Martin, A. J. P. (1954). Brit. med. Bull. 10, 
170. 

James, A. T., Martin, A. J. P. & Smith, G. H. (1952). 
Biochem. J. 52, 238. 

Ray, N. H. (1954a). J. appl. Chem. 4, 21. 

Ray, N. H. (19545). J. appl. Chem. 4, 82. 


144 


1956 


Gas-Liquid Chromatography: the Separation and Identification 
of the Methyl Esters of Saturated and Unsaturated Acids 
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The initial limitation of the gas—liquid chromato- 
graphic technique for the separation of fatty acids 
was due to the use of titration in an aqueous 
medium for detection and estimation of the acids 
(James & Martin, 1952). The elevated column 
temperaiures necessary for a reasonable rate of 
movement of the long-chain acids preclude the 
use of water as the titration medium, and we did 
not discover a suitable high-boiling solvent to 
replace it. 

The development of the sensitive gas-density 
meter for the detection of vapours in gas streams 
(Martin & James, 1956) provided the means for the 
extension of the technique to the higher-boiling 
fatty acids. Nevertheless, we have preferred to use 
the methyl esters rather than the free acids, as 
difficulty was encountered in finding a stationary 
phase for the column that would prevent dimeriza- 
tion of the free acids, with its consequent impair- 
ment of the separations (see James & Martin, 
1952). 

Other methods of separating the long-chain 
fatty acids, e.g. reversed-phase liquid-liquid 
chromatography (Howard & Martin, 1950; Zbin- 
ovsky, 1955) and countercurrent distribution 
(Ahrens & Craig, 1952), can resolve only acids 
differing by two carbon atoms in chain length, 
and overlapping of the zones of the common un- 
saturated and saturated acids always occurred. In 
an earlier attempt at separating the long-chain 
acids by gas-liquid chromatography (Cropper & 
Heywood, 1954), the efficiency of the columns used 
was so low that the separations achieved showed 
little or no improvement over the techniques 
already referred to. However, by the use of our 
4 ft. x 4mm. straight columns of the type already 
described (James & Martin, 1952) we have been 
able to separate not only acids differing in chain 
length by one carbon atom, as well as iso- or 
anteiso-acids, from their straight-chain isomers, 
but also unsaturated acids from saturated acids 
of the same chain length. 

This paper is offered, not as providing complete 
analyses of any natural fat, but as indicating a 


method which is probably the only one at present 
capable of so doing. The evidence here presented 
shows that the problem is vastly more complicated 
than has previously been appreciated. 


EXPERIMENTAL 


The apparatus used is described elsewhere (Martin & 
James, 1956; but see James, 1955). Separation of the 
methyl esters of fatty acids from formic to n-caproic (n- 
hexanoic) acid can be carried out on columns with the 
following stationary phases: (a) at 78-7°, liquid paraffin 
(B.P. pond) or dioctyl phthalate [di-(2-ethylhexyl) 
phthalate], or (6) at 100°, paraffin wax, congealing point 
49°, benzyldiphenyl (see James & Martin, 1956) or dioctyl 
phthalate. The Celite 545 support for the stationary phase 
was size-graded (see James & Martin, 1952), and pre- 
treated with dilute ethanolic alkali as described by James, 
Martin & Smith (1952). 

Separation of the methyl esters of fatty acids from n- 
pentanoic to n-octadecanoic acid was carried out at 197° or 
205° on two types of column. The first had as stationary 
phase Apiezon M vacuum stopcock grease (Shell Chemicals 
Ltd.) and the second an extract of an aromatic character 
from a heavy lubricating oil (kindly supplied by Dr S. M. 
Birch of British Petroleum Ltd.). In both cases weighed 
amounts of the stationary phase (8-20 g. of Celite 545) 
were heated in the oven and stirred continuously until the 
product had cooled to room temperature. Packing of the 
columns was done as previously described (James & 
Martin, 1952). 

The mixed esters were applied to the column with a 
micropipette (James & Martin, 1956), solid esters being 
melted and taken up in a previously heated pipette. 
Column temperatures were maintained by the appropriate 
solvent in the boiler (ethanol for 78-6°, water for 100°, 
ethylene glycol for 197° and tetralin for 205°). Silicone- 
rubber gaskets must be used on the columns at 197° 
instead of natural rubber. 

The methyl esters of the acids present in olive oil were 
obtained by inter-esterification in ethyl ether with methanol 
in the presence of KOH as described by Kurz (1937). 

The fatty acids from Pseudomonas aeruginosa were ob- 
tained by ether extraction of an acetone-soluble fraction of 
the culture medium. The ether-extracted material (acid 
value 181) was distilled under reduced pressure and esteri- 
fied with diazomethane. This material was presented by 
Dr D. 8S. Bhate of this Institute. 
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Fig. 1. Curve A. Separation of methyl esters of acids from formic to n-caproic acid at 78-6° on a 4 ft. column with 


dioctyl phthalate as stationary phase. N, pressure 44 em. Hg, N, flow rate 40 ml./min. Peaks in order of appearance: 
(1) air, introduced on loading the column, (2) formate, (3) acetate, (4) propionate, (5) isobutyrate, (6) n-butyrate, 
(7) «-methylbutyrate, (8) isovalerate, (9) n-valerate, (10) 3-methylvalerate, (11) isocaproate, (12) n-caproate. Curve B. 
Separation of methyl esters of acids from formic to n-caproic acid at 100° in a 4 ft. column with dioctyl phthalate 
as stationary phase. N, pressure 14-5 cm. Hg, N, flow rate 10-1 ml./min. Peaks in order of appearance: (1) air, 
(2) formate, (3) methanol, (4) acetate, (5) propionate, (6) isobutyrate, (7) trimethylacetate, (8) n-butyrate, (9) iso- 
valerate, (10) n-valerate, (11) isocaproate, (12) n-caproate. 


Bromination « the mixed esters from goat-milk fat, Table 1. Effect of temperature on the separation 
olive oil and the Ps. aeruginosa culture medium was carried : ; : 
; ; ; : ; factor for an increase in chain length of one -CH,— 
out by dissolving 1 g. of the mixture in 10 ml. of ether at é 
group (the time of emergence of a substance 


-— 10° and adding bromine drop by drop until a permanent E : : 
coloration was produced. The solution was then evaporated relative to its next lowest homologue) in paraffin- 


below 30° with a rotary evaporator, and the residual oil hydrocarbon-type stationary phases 
used for the chromatographic experiments. Temp. _CH,- 
(°) separation factor 
RESULTS AND DISCUSSION 23 3-40 
58-6 2-76 
[t is not possible to cover the whole range of acids = ’ aa 
from C, to Cy, by operating the column at any one 78-6 2.38 
temperature. We have preferred to separate the 100 2-10 
137 1-90 


methyl esters of the acids from C, to C, at either 
78-6° (Fig. 1, curve A) or 100° (Fig. 1, curve B) and 
to separate the methy] esters of the acids from C, to 
C,, at 197° or 205°. The esters can be separated into It is not possible with our apparatus to separate 
two such overlapping fractions by azeotropic the whole range of acids by continuously raising 
distillation in toluene. A mixture of the complete the column temperature, since the gas-density 
range can be run at the lower temperature to meter will show a zero changing with the temper- 
separate the more volatile esters. The column will ature. Furthermore, as the factor of separation 
then need to be cleaned up by running until the per —CH,— group decreases with temperature (see 
blank has settled down to an acceptable level. Table 1) it becomes less easy to identify an un- 
Another run at the higher temperature on a _ known acid by time of emergence alone when the 
different column will separate the longer-chain column temperature is rising continuously. Never- 
esters, and the more volatile esters will not inter- theless, this method would have great advantages 
fere. It is of course possible to arrange a short in routine work. A great saving of time would 
length of cooled glass capillary (below —80° for result, since all the zones would be equally 
very volatile esters) at the exit of the apparatus sharp. It should not be technically difficult pro- 
and so collect the fast-running volatile esters; they vided that the detector was maintained through- 
alone can then be distilled on a column at the lower out at the highest temperature reached by the 
temperature and separated. column. 
10 Bioch. 1956, 63 
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Saturated acids 


The relative times of emergence of a number of 
compounds depend only on the temperature and 
nature of the stationary phase, and are thus highly 
reproducible. The retention volumes (the volume of 
nitrogen emerging from the column before the 
centre of the peak emerges) vary also with the 
amount of stationary phase and the nitrogen flow 
rate [which can, however, be corrected for the 
nitrogen pressure applied to the column by the 
formula given by James & Martin (1952)]. In 
Table 2 are given the retention volumes of the 
methyl esters of a variety of acids from formic to 
n-caproic acid relative to methyl n-butyrate at two 
temperatures and in a variety of stationary phases. 
In the paraffin stationary phases the separations 
are due primarily to differences in the Van der 
Waals free energies of solvation, whereas in the 
aromatic stationary phases other more specific 
forces are also involved (see James & Martin, 
1956). It will be seen from the table that the 
separation factors for esters of normal and 7iso- 
acids are larger in the paraffinic stationary phases, 
but the esters of more highly branched acids such as 
a«a-dimethylpropionic acid and ethylmethylacetic 
acid are better separated from esters of similar 
boiling point such as n-butyric and isovaleric 
esters in the aromatic stationary phases. In 
general the less viscous dioctyl phthalate results 
in columns of higher efficiency than the more 
viscous paraffinic phases, so that what is lost by 
fall in separation factor is gained in greater zone 
sharpness. 

The separation of the isomeric branched-chain 
esters such as those of ethylmethylacetic acid and 
dsovaleric acid is not as good as the separation of 
the free acids described by James & Martin (1952). 
This would suggest that an additional factor apart 
from the difference in Van der Waals interactions 


Table 2. 
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of the two branched chains was operating to 
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assist the separation. It is probable that the 
association of the volatile acids with the stearic 
acid in the stationary phase is influenced by 
the side chain in such a way as to improve the 
separation. 

Quantitative estimation of the esters is carried 
out by measuring the area under the peak in 
question, and this is more laborious than the simple 
method of step-height measurement used when 
titration is the detecting technique (James & 
Martin, 1952). For this reason we would recom- 
mend the latter technique where quantitative 
estimations of the more volatile acids are needed. 
Furthermore, if methanol rather than diazo- 
methane is used to esterify the acids, it is necessary 
to remove any excess of methanol before running 
the esters, as it will interfere with the estima- 
tion of methyl formate as is shown in Fig. 1, 
curve B. 

In Fig. 2 is shown the separation of a few mg. 
of the methyl esters of acids from C; to Cy. 
When a column 4 ft. long at 197° is used with the 
lubricating-oil extract as stationary phase, the 
separation is completed in only 70 min. A similar 
result can be obtained with Apiezon M vacuum 
stopcock grease as stationary phase. In Fig. 3 
saturated acid esters of chain lengths from C, to 
C,, are separated with a higher rate of flow of 
nitrogen through the same column. Good separa- 
tions of branched- and straight-chain isomers are 
obtained on these columns. In Table 3 is given 
a list of retention volumes of methyl esters of 
branched- and straight-chain acids from C, to Cig 
relative to methyl myristate on two types of 
column, the predominantly paraffinic stationary 
phase Apiezon M vacuum grease and the extract 
of aromatic character from lubricating oil. The 
results in the two types of column are very similar, 
as might be expected, but the aromatic-type 


Retention volumes of methyl esters of saturated fatty acids from formic to n-caproic acid 


relative to methyl n-butyrate in a variety of stationary phases at two temperatures 


Temp. 78-6° 
Stationary phase 





Temp. 100° 
Stationary phase 


Liquid Dioctyl Paraffin Dioctyl 
Methyl ester paraffin phthalate wax Benzyldiphenyl phthalate 
Formate 0-071 0-098 0-09 0-117 0-124 
Acetate 0-177 0-216 0-228 0-261 0-256 
Propionate 0-445 0-485 0-495 0-53 0-51 
isoButyrate 0-724 0-71 0-75 0-67 0-706 
n-Butyrate 1-0 1-0 1-0 1-0 1-0 
aa-Dimethylpropionate 1-04 0-87 1-0 — 0-875 
a-Methylbutyrate 1-69 1-51 1-52 7 1-45 
isoValerate 1-63 1-56 1-53 1-34 1-45 
n-Valerate 2-42 2-31 2-15 2-13 2-12 
3-Methylvalerate 4-25 3-66 3-5% - — 
isoCaproate 4:5 3-96 3-60 3-03 3-24 
5-86 5-16 4-70 4:37 4-36 


n-Caproate 
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Fig. 2. Separation of the methyl] esters of branched- and straight-chain saturated acids from C, to C,, on a 4 ft. column 


at 197° with a high-boiling-point lubricating-oil extract as stationary phase. N, pressure 12 cm. Hg, N, flow rate 
14-1 ml./min. Peaks in order of appearance: (1) air, (2) n-pentanoate, (3) n-hexanoate, (4) 4-methylhexanoate, 


(5) 6-methylheptanoate, (6) n-octanoate, 


(7) 6-methyloctanoate, (8) n-nonanoate, (9) 8-methylnonanoate, 


(10) n-decanoate, (11) 8-methyldecanoate, (12) 10-methylundecanoate, (13) n-dodecanoate, (14) 10-methyl- 


dodecanoate. 





10 20 30 40 50 


Fig. 3. 


at 197° with a high-boiling-point lubricating-oil extract as stationary phase. 


60 70 80 90 100 110 
Time (min.) 


Separation of methyl esters of branched- and straight-chain saturated acids from C, to C,, on a 4 ft. column 


N, pressure 76 cm. Hg, N, flow rate 


133 ml./min. Peaks in order of appearance: (1) air, (2) n-heptanoate, (3) n-octanoate, (4) 6-methyloctanoate, 
(5) n-nonanoate, (6) n-decanoate, (7) impurity probably a C,, acid, (8) 8-methyldecanoate, (9) 10-methyldodecanoate, 


(12) n-tetradecanoate, (13) 


12-methyltetradecanoate, (14) 14-methylpentadecanoate, 


(15) n-hexadecanoate, 


(16) 14-methylhexadecanoate, (17) 17-methylheptadecanoate, (18) n-octadecanoate. 


Table 3. Retention volumes of methyl esters of longer- 
chain saturated fatty acids relative to methyl 
myristate in two stationary phases at 197° 


Stationary phase 








rc — Perr =) 
Apiezon M Heavy- 
vacuum lubricating- 
Methyl ester grease oil extract 
n-Pentanoate (valerate) 0-0194 0-0148 
n-Hexanoate (caproate) 0-0311 0-240 
4-Methylhexanoate 0-0407 0-0354 
6-Methylheptanoate 0-0567 0-052 
n-Octanoate (caprylate) 0-0715 0-064 
6-Methyloctanoate 0-0965 0-0861 
n-Nonanoate (pelargonate) 0-112 0-100 
8-Methylnonanoate 0-144 0-133 
n-Decanoate (caprate) 0-173 0-169 
8-Methyldecanoate 0-235 0-229 
10-Methylundecanoate 0-354 0-344 
n-Dodecanoate (laurate) 0-426 0-396 
10-Methyldodecanoate 0-567 0-55 


n-Tetradecanoate (myristate) 1-0 1-0 


12-Methyltetradecanoate 1-35 1-37 
14-Methylpentadecanoate 2-04 2-09 
n-Hexadecanoate (palmitate) 2-41 2-45 
14-Methylhexadecanoate 3-24 3°32 
n-Octadecanoate (stearate) 5-60 5-92 


stationary phase has a lower vicosity than the 
vacuum grease and gives a chromatogram of 
slightly higher efficiency. 

Our earlier publications on the gas-liquid 
chromatogram (James & Martin, 1952; James, 
1952) showed that plotting log retention volume 
(or retention volume relative to a standard sub- 
stance) against the number of carbon atoms in the 
molecule for members of a homologous series 
produces a straight line. (In this way it is possible 
to identify an acid on the basis of time of emergence 
alone.) This shows that the free energy of solution 
of an additional -CH,— group is independent of its 
position in the chain. In earlier studies this was 
shown to be true for the free fatty acids from C, to 
C,,. In Fig. 4 is shown the result obtained for 
methyl esters of saturated acids from C, to C,, and 
branched-chain iso- and anteiso-acids from C, to 
C,,. Slight differences in rate of movement are 
shown between the iso- and anteiso-acid esters, but 
these are insufficient to permit separation on a 4 ft. 
column at this temperature. For separations such 
as this a longer column is necessary. 
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Unsaturated acids 


In Fig. 5, curve A is shown the separation of the 
methyl esters of a variety of saturated acids from 
C, to Cy, and also of cis- palatine and oleic acids. 
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Fig. 4. Relationship between log (retention volume) 
relative to methyl n-tetradecanoate and number of 
carbon atoms in the molecule for the methyl esters of 
straight- and branched-chain acids from C,; to Cig. 
A, Straight-chain acids; @, iso-acids; j, anteiso-acids. 
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The cis-palmitoleic ester and palmitic esters are 
almost completely resolved. This separation with 
a 4 ft. column is good enough to allow estimation of 
the relative amounts of the two acids by measure- 
ment of the peak heights. 

In Fig. 5, curve B is shown a separation of even- 
numbered saturated acids from C, to C,,, and also 
linoleate and elaidate, demonstrating the clear 
differentiation between the di- and mono-un- 
saturated and the saturated C,, acids. 

Table 4 shows a list of retention volumes of 
some unsaturated acids (as methyl esters) relative 
to methyl myristate in the paraffinic stationary 
phase Apiezon M grease. The unsaturated acid 
esters with the cis-configuration run faster than 
those with a trans-configuration; unsaturated acid 


Table 4. Retention volumes of methyl esters of some 
unsaturated acids relative to meth, yl n-tetradeca- 
noate in two stationary phases at 197° 


Stationary phase 





Apiezon M 


Heavy-- 

vacuum lubricating- 

Methyl ester grease oil extract 
cis-Palmitoleate 2-09 2-21 
trans-Palmitoleate 2-16 2-26 
Linoleate 4-55 5-05 
Oleate 4:75 5-22 
Petroselinate 4:87 5-15 
Elaidate 4-95 5-40 
cis-A*-Octadecenoate 4:95 5-42 
trans- A‘. Oc tadec enoate 5-52 
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Fig. 5. Curve A. Separation of methyl esters of some branched- and straight-chain saturated acids from C, to C,,, and 
also palmitoleic and oleic acids on a 4 ft. column with Apeizon M vacuum grease as stationary phew at 197°. 


N, pressure 76-5em. Hg, N, flow rate 98 ml./min. Peaks in order of appearance: 


(1) air, (2) n-heptanoate, 


(3) n-octanoate, (4) n-nonanoate, (5) n-decanoate, (6) 8-methyldecanoate, (7) n-dodecanoate, (8) 10-methyl- 
dodecanoate, (9) n-tetradecanoate, (10) 10-methyltetradecanoate, (11) cis-palmitoleate, (12) n-hexadecanoate, 


(13) 14-methylhexadecanoate, (14) oleate, (15) n-octadecanoate. 


Curve B. The separation of methyl esters of the 


even-numbered saturated acids from C, to C,, and methyl linoleate and elaidate, under the same conditions as 


with curve A. 


Peaks in order of appearance: (1) air, (2) n-octanoate, (3) n-decanoate, 


(4) n-dodecanoate, 


(5) n-tetradecanoate, (6) n-hexadecanoate, (7) linoleate, (8) elaidate, (9) n-octadecanoate. 
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esters emerge before the corresponding saturated anteiso-saturated acids from an unsaturated normal 
acid ester, and the higher the degree of unsatura- acid ester with the same number of carbon atoms 
tion the more rapid the movement. The nearer the on either type of column. More positive identifica- 
double bond is to the carboxyl group the slower the tion of such esters can be obtained by chemical 
movement. These generalizations are in agreement modification of the unsaturated acid, e.g. reduction 
with the chromatographic behaviour of unsatur- to the corresponding saturated acid, oxidation to 
ated and saturated hydrocarbons (James & Martin, a hydroxy acid of lower volatility, or further 
1956). oxidation to the corresponding mono- and di- 
In column 2, Table 4, the list of retention carboxylic acids, or by bromination to give the 
volumes of methyl esters of the unsaturated acids much-less-volatile dibromo acids. Esters of the 
relative to methyl myristate shows that the un- resulting products will in all cases behave differ- 
saturated esters are perceptibly retarded relative ently from the esters of the original acids on a gas 
to the nearest saturated acid in the aromatic-type chromatogram. The change in chromatographic 
stationary phase. The effect is not so large as that behaviour produced by bromination on the re- 
described for unsaturated hydrocarbons in a_ versed-phase colum.as of Howard & Martin (1950) 
purely aromatic stationary phase (James & _ was insufficient to be of much value. 
Martin, 1956), presumably because of the low 


aromatic content of the lubricating-oil extract. Some applications of the technique 


A stationary phase with greater aromatic content In Fig. 6, curve A is shown the result obtained 
should produce a larger effect, so that unsaturated with 8 mg. of a mixture of methyl esters of fatty 
acids could be clearly identified on this basis. acids isolated from goat milk by Popjak, Glascock 


It is not possible to separate esters of zso- or & Folley (1952) run on a 4 ft. column with the 
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Fig. 6. Curve A. Analysis of 8 mg. of the methyl esters of acids present in goat-milk fat (Popjak et al. 1952) on a 4 ft. 
column with an aromatic extract of a high-boiling lubricating oil as stationary phase at 205°. N, pressure 74 cm. 
Hg, N, flow rate 96 ml./min. Peaks in order of appearance: (1) air, (2)-(6) are shown further resolved in curve B, 
(7) n-dodecanoate, (8) probably n-tridecanoate, (9) n-tetradecanoate, (10) probably the methyl ester of a branched- 
chain C,, acid, (11) probably n-pentadecanoate, (12) probably the methyl ester of a branched-chain C,, acid, 
(13) n-hexadecanoate, (14) probably the methyl ester of a branched C,, acid, (15) probably n-heptadecanoate, 
(16) probably the methyl ester of a branched C,, acid, (17) n-octadecanoate. Curve B. Chromatogram of similar 
material to that shown in curve A but with a lower flow rate of N, (11-7 ml./min., N, pressure 12cm. Hg). The 
peaks identified are as follows: (1) air, (2) n-pentanoate, (3) n-hexanoate, (4) n-heptanoate, (5) probably the 
methyl ester of a branched C, acid, (6) n-octanoate, (7) probably the methyl ester of a branched C, acid, 
(8) n-nonanoate, (9) probably the methyl ester of a highly branched C,, acid, (10) n-decanoate, (11) probably the 
methyl ester of a highly branched C,, acid, (12) probably n-undecanoate, (13) prebably the methyl ester of a highly 
branched C,, acid, (14) n-dodecanoate, (15) probably the methyl ester of a highly branched C,, acid, (16) probably 
the methyl ester of a branched C,, acid, (17) n-tridecanoate, (18) probably the methy] ester of a branched C,, acid 
and (19) n-tetradecanoate. 
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aromatic-type stationary phase at 205°. Un- 
saturated fatty acids had previously been removed 
by the conventional lead-salt technique. The 
column has been deliberately overloaded to reveal 
components present in only trace amounts. An 
unexpected range of acids has been revealed, at 
least twenty peaks being visible. Treatment of the 
mixture in ether solution with bromine at — 10°, 
followed by rechromatographing the mixture 
after removal of excess of bromine and ether in 
vacuo, gave an identical picture; indeed, the two 
results could be superimposed. This result con- 
firms the absence of significant amounts of un- 
saturated acids from the mixture. 

From knowledge of the time of emergence of the 
methyl esters of some pure even-numbered satur- 
ated acids and the —CH,— separation factor (see 
Table 1) for this column and temperature (1-52), 
the times of emergence of the methyl esters of 
odd-numbered acids were calculated. In this 
way it was shown that peaks 7, 9, 13 and 17 
represented methyl dodecanoate, methyl ‘tetra- 
decanoate, methyl hexadecanoate and methyl 
octadecanoate; peaks 11 and 15 fell in the places 
expected for methyl esters of n-pentanoic and n- 
heptanoic acids; peaks 10, 12, 14 and 16 correspond 
to the positions expected for methyl esters of 
simple branched-chain (iso- or anteiso-) acids C,,, 
Cig, Cy, and Cy. 

The complex of peaks shown at the beginning of 
the chromatogram is shown further resolved in 
Fig. 6, curve B, by running the column more slowly 
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and with a still higher load (14mg.). Nineteen 
peaks can be seen when the analysis is carried as 
far as methyl myristate. From the positions of the 
peaks the tentative identifications indicated in the 
figure legend have been made. 

Three homologous series can be fitted to the 
results: (a) the straight-chain ester peaks 2, 3, 4, 6, 
8, 10, 14, 17 and 19; (b) branched-chain esters 
(possibly with the iso-configuration), peaks 5, 7, 16 
and 18; (c) branched-chain esters of a different 
configuration (probably more highly branched), 9, 
11, 13 and 15. Peak 12 does not apparently belong 
to any of these series. These results can be regarded 
as only tentative until the individual acids are 
isolated, chemically degraded and the fragments 
identified. There is no reason why all this cannot be 
carried out on a micro-scale by using the gas 
chromatogram both as a means of preparing each 
substance and as a tool to analyse the products of 
chemical degradation. 

Another example of the application of this 
technique to the study of the fatty acid composition 
of a natural fat is shown in Fig. 7, curve A. The 
fat is olive oil, the methyl esters being prepared by 
the inter-esterification technique (Kurz, 1937). The 
unmodified esters (8 mg.) consist of a mixture of at 
least fourteen components. The main component, 
peak 13, is methyl oleate, and the next largest 
component is methyl palmitate, peak 12. Peak 11 
could be either methyl palmitoleate or a saturated 
isomer of methyl palmitate. Peak 14 is too slow to 
be methyl stearate and must therefore represent 
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Fig. 7. Curve A. Analysis of 8 mg. of the methyl esters of acids present in olive oil. Conditions as for Fig. 6, curve A. 
Peaks in order of appearance: (1) air, (2)-(10) methyl esters of saturated and unsaturated acids from C, to C,;, 
(11) methyl palmitoleate or the methyl ester of a saturated branched-chain ©, acid, (12) methyl palmitate, 
(13) methyl oleate, (14) methyl ester of a highly unsaturated or branched saturated Cy, acid. Curve B. Analysis 


of 8 mg. of the methyl esters of acids present in olive oil after bromination. 


Conditions as for Fig. 6, curve A. 


Peaks in order of appearance: (12) palmitate, (13a) probably the ester of a branched-chain C,, acid, (136) stearate. 








| 
| 





Vol. 63 


a Cy, acid. In Fig. 7, curve B is shown the result 
obtained after bromination of the esters; peak 13 
has also disappeared and has been replaced by two 
close peaks, 13a and 13b. Peak 136 can be identi- 
fied as methyl stearate and peak 13a as a branched- 
chain C,, ester, but not methyl isostearate, as it is 
too close to methyl stearate. Almost all the short- 
chain acids have disappeared on bromination, and 
by running a larger amount of material (9-2 mg.) 
at a slower rate there were found to be at least 
sixteen components up to peak 10 in Fig. 7, curve A. 
The results obtained suggest the presence of un- 
saturated C,, Cz, Cy and C,, acids, C,, C,, C, and 
C,) straight-chain saturated acids, and traces of 
branched-chain C,, C,, Cy, Cy, and C,, acids. 

In Fig. 8, curve A is shown a separation of the 
methyl esters of the acids extracted from the Ps. 
aeruginosa culture medium. A total of at least 
twenty-four different acids can be distinguished. 
After bromination (Fig. 8, curve B) many of these 
components have disappeared and can be identified 
as unsaturated acids. From their chromatographic 
behaviour tentative identifications of the higher 
acids have been made. These are indicated in the 
figure legend. 
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From the results obtained with a higher load at 
a lower flow rate (shown in Fig. 9, curves A and B) 
the lower acids present would seem to be the 
following: peak no. (2) methyl ester of an unsatur- 
ated C; acid, (3) methyl ester of an unsaturated C, 
acid, (4) methyl n-hexanoate overlapping with the 
methyl ester of an unsaturated C; acid, (5) methyl 
n-heptanoate, (5a) methyl ester of a branched- 
chain saturated C, acid, (6) methyl ester of an un- 
saturated C, acid, (7) methyl ester of an unsatur- 
ated C, acid, (8) methyl ester of a branched-chain 
saturated C,, acid, (9) methyl ester of an unsatur- 
ated C,,) acid, (9a) methyl n-decanoate, (10) methyl 
ester of an unsaturated C,, acid, (11) methyl ester 
of a branched-chain C,, acid, (12) methyl ester of 
an unsaturated C,, acid, (13) methyl n-dodecanoate, 
(14) methyl ester of a branched-chain saturated C,, 
acid, (15) methyl ester of an unsaturated C,, acid, 
(16) methyl ester of a branched-chain saturated C,, 
acid, (17) methyl ester of an unsaturated C,, acid, 
(18) methyl n-tetradecanoate. This gives a total of 
twenty-nine components in the original mixture. 

These results obtained with natural fats from 
three different sources show clearly the presence 
not only of the expected even-numbered saturated 
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Fig. 8. Curve A. Separation of 2-3 mg. of the methyl esters of fatty acids extracted from a culture medium of 


Ps. aeruginosa. Column length 4 ft., temp. 205°, stationary phase lubricating-oil extract. N, pressure 75 cm. Hg, 
N, flow rate 96 ml./min. Peaks in order of appearance: (2)-(11) are shown further resolved in Fig. 9, curve A, 
(12) n-tetradecanoate, (13) methyl ester of a branched-chain saturated or an unsaturated C,, acid, (14) n-penta- 
decanoate, (15) palmitoleate or the methyl ester of a saturated branched-chain Cy, acid, (16) n-hexadecanoate, 
(17) methyl ester of a branched-chain saturated or unsaturated C,, acid, (18) methyl ester of a branched-chain 
saturated or unsaturated C,, acid, (19) n-heptadecanoate, (20) methyl ester of a branched-chain saturated or a 
straight-chain diunsaturated C,, acid, (21) methyl ester of a branched-chain saturated or a straight-chain unsaturated 
Cy, acid, (22) n-octadecanoate, (23) methyl ester of a highly branched saturated or highly unsaturated Cj, acid, 
(24) methyl ester of a branched-chain saturated or unsaturated C,, acid. Curve B. Separation of 2-6 mg. of the 
methyl esters from curve A after bromination. Conditions as for curve A. A number of peaks have disappeared and 
the remaining saturated acids have been identified as the following: (12) n-tetradecanoate, (14) n-pentadecanoate, 
(16) n-hexadecanoate, (17) methyl ester of a branched-chain (C,, acid, (19) n-heptadecanoate, (20) methyl ester of 
a highly branched saturated C,, acid, (22) n-octadecanoate, (23) methyl ester of a highly branched Cj, acid, 
(24) methyl ester of a branched-chain saturated C,, acid. 
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Fig. 9. Curve A. The peaks (2)-(12) from Fig. 8, curve A, are shown, further resolved by use of a lower N, flow rate. 


N, pressure 16-5cm. Hg, N, flow rate 16-6 ml./min. 
Fig. 8, curve A. 


Load, 6-9 mg. of the mixed esters; other conditions as for 
Curve B. The result obtained under the same conditions as curve A after bromination of the esters 


(load 6-9 mg.). Peaks (2), (3), (6), (7), (9), (10), (12), (15) and (17) have either decreased or disappeared. 


acids from C, to C,, but also the odd-numbered 
saturated acids from C,; to C,,, two types of 
branched-chain saturated odd- and even-numbered 
acids, and odd- and even-numbered mono- and di- 
unsaturated acids of the same molecular-weight 
range. The presence of odd-numbered saturated 
acids in natural fats has recently been demon- 
strated by Hansen, Shorland & Cooke (1955). The 
biological significance of these newly described 
acids has yet to be determined. 

A preliminary account of this work was presented 
at the International Conference on Lipids in Ghent 
1955, and published in the Proceedings of the 
International Conference. 


SUMMARY 


1. Separation of micro amounts of methy] esters 
of saturated fatty acids from C, to C, at 78-7° or 
100° and of esters of saturated and unsaturated 
acids from C; to C,, at 197° have been carried out 
by gas-liquid chromatography. 

2. Good separation of normal and iso- or anteiso- 
saturated acids are obtained, and mono- and di- 
unsaturated acids can be resolved from the 
corresponding saturated acids on 4 ft. columns. 

3. Methods are presented for distinguishing 
between saturated and unsaturated acids by 
chromatographic behaviour before and _ after 
chemical modification. 


4. Application of the technique to some natural 
fats is described, showing the existence of odd- 
numbered saturated acids, two types of branched- 
chain saturated acids and odd- and even-numbered 
unsaturated acids from C, to Cy. 


Thanks are due to Butterworths Ltd. for permission to 
reproduce diagrams already published. We would like to 
thank Dr J. Popjék and Professor Folley for the acids from 
goat-milk fat, Dr E. V. Truter of The University, Sheffield, 
for the gifts of the branched-chain acids, Dr D. S. Bhate for 
the acids isolated from Ps. aeruginosa, and Mr H. Hadaway 
for the preparation of many of the esters used. 
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Arginine has been estimated by precipitation as the 
picrate and flavianate complexes, enzymically by 
the action of arginase followed by the estimation 
of the urea formed, microbiologically and colori- 
metrically (cf. Block & Bolling, 1947). The colori- 
metric method developed by Sakaguchi (1925a, b) 
has been most widely used. This method relies upon 
the formation of a red-coloured complex produced 
by arginine and other monosubstituted guanido 
compounds in the presence of «-naphthol and al- 
kaline hypobromite or hypochlorite. Although this 
method will qualitatively detect small quantities 
of arginine, it is unreliable quantitatively, as 
evidenced by the large number of modifications 
that have been suggested, and which have been 
reviewed recently by Gémez & Marenzi (1953). 

A colorimetric method for the estimation of 
both mono- and di-substituted guanidines was 
introduced by Eggleton, Elsden & Gough (1943).” 
These compounds give a red-coloured complex 
with diacetyl and «-naphthol in alkaline solution. 
The authors found that monosubstituted guanidines 
such as arginine and glycocyamine produced only 
one-ninth of the colour given by asymmetrically 
disubstituted guanidines such as creatine. This 
observation has been confirmed by Ennor & 
Stocken (1953) and by Roche, Thoai & Hatt (1954). 
Although this method is less sensitive than the 
Sakaguchi method, it is simpler and more reliable. 

This paper describes a modification of the above 
reaction. When the colour is developed in the 
presence of n-propanol and an increased concentra- 
tion of «-naphthol, the sensitivity of the method 
for monosubstituted guanidines is equal to that 
previously obtained with disubstituted guanidines. 
Thus it is possible to estimate arginine in amounts 
ranging from 10 to 100 yg. 


EXPERIMENTAL 


Materials 


n-Propanol. n-Propanol was purified by distillation 


after refluxing over NaOH and Al powder. 

a-Naphthol. The commercial material was light brown in 
colour and was purified by two steam-distillations from 
2n-H,SO,. It was then dried in vacuo at 60°, and dissolved 
in n-propanol to give a 25% (w/v) solution, and stored in 
a dark bottle at — 20°. 


Stock diacetyl solution. A stock diacetyl solution (about 
1%) was prepared from dimethylglyoxime as described by 
Walpole (1911). 

Arginine. Arginine hydrochloride was recrystallized 
from 0-4N-HCl (cf. Greenberg, 1951), and its purity was 
checked by N analysis. 

Other guanido compounds. Guanidine (A.R.) was used. 
Creatine was recrystallized as described by Hunter (1928). 
Glycocyamine (guanidoacetic acid) was recrystallized from 
water. N-Ethylguanidoacetic acid (negmine) was kindly 
supplied by Dr M. D. Armstrong (see Ennor, Rosenberg & 
Armstrong, 1955). «-Guanidopropionic acid, §-guanido- 
propionic acid and £-guanidoethylsulphonic acid (tauro- 
cyamine) were prepared by guanylation with S-ethyl- 
thiourea of alanine, B-alanine and taurine respectively, as 
described by Brand & Brand (1942) for the preparation of 
glycocyamine. 1:2-Diguanidoethane, 1-guanidoethane and 
2-guanidoethanol were prepared from ethylenediamine, 
ethylamine and ethanolamine respectively by the method 
of Schenck & Kirchhof (1926). They were recrystallized 
several times and their purity was checked by elementary 
analysis. Streptomycin sulphate (Glaxo) was used as 
supplied. Solutions of these compounds of the required 
concentration were made up and adjusted to pH 7-7°5. 
They were stored at -— 10°. 

Proteins employed for arginine assays were: crystalline 
insulin (Boots); crystalline bovine-plasma albumin 
(Armour and Co. Ltd.): edestin (British Drug Houses 
Ltd.); pure sheet Winterthur gelatin (by the courtesy of 
Kodak A/Asia Ltd.) and pure standard wool cloth (a gift 
from Dr D. Waterhouse, C.S.I.R.O., Canberra, Australia). 


Methods 


Protein hydrolysates. The method adopted for the hydro- 
lysis of proteins was as follows: 100 mg. of protein and 
2-0 ml. of 20-5% (w/v) HCl were placed in a sealed tube 
and heated at 110°. The periods of heating varied and will be 
referred to specifically in the text. Under the conditions 
used, humin production was insignificant. The hydrolysates 
were washed out of the tubes and made to volume. Nitro- 
gen and arginine were estimated on the hydrolysates after 
neutralization and appropriate dilution. 

Nitrogen estimation. Duplicate samples of hydrolysates 
were ashed with the digestion mixture described by Camp- 
bell & Hanna (1937). The digests were made to suitable 
volumes, and samples were distilled in the apparatus of 
Markham (1942). The distillate was collected in a boric 
acid buffer containing a mixed indicator (Conway & 
O’Malley, 1942) and titrated with 0-01N-HCI. 

Colour estimation. The optical density of the red-coloured 
solution was estimated in a Hilger Spekker absorptiometer 
(fitted with a dark chamber for housing the cells) with an 
Ilford spectrum-green filter (no. 604; abs. max., 535 my.). 
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RESULTS 


In the early experiments designed to increase the 
sensitivity of the «-naphthol—diacetyl method for 
the estimation of arginine it was found that, if the 
final concentration of «-naphthol was increased 
from 0:2 to 1:0%, the intensity of the resultant 
colour was increased by a factor of about 1-5. 
However, a more marked increase was observed 


after the addition of alcohols in concentrations of 


20% (v/v). The effect of a number of alcohols on 
the colour intensity produced by arginine in the 
a-naphthol-diacetyl reaction has been investi- 
gated, and it is clear (Table 1) that all the alcohols 
examined caused an increase in the optical density 
and that n-propanol and ethanol were the most 
effective. Alcohols with longer carbon chains than 
those listed were tested, but even in the presence of 
ethanol did not mix with the aqueous phase in the 
presence of the other solutes. 

A comparison was then made of the effect of 
both ethanol and propanol on the optical density 
over a range of concentrations. The results (‘Table 2) 


Table 1. Effect of alcohols on the colour intensity 
produced by arginine in the x«-naphthol—diacetyl 


reaction 


Tubes contained 50yug. of arginine, 1 ml. of a 1:20 
dilution of stock diacetyl solution, 2 ml. of a 5% (w/v) 
solution of «-naphthol in 5n-NaOH and 2ml. of the 
alcohol. Total volume, 10 ml. All readings were taken 
20 min. after addition of reagents. 


Alcohol E 
None 0-092 
Methanol 0-192 
Ethanol 0-273 
Ethylene glycol 0-188 
n-Propanol 0-350 
isoPropanol 0-148 
tert.-Butanol 0-130 


Table 2. 
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Fig. 1. Effect of NaOH concentration on the intensity of 
colour produced by arginine. Tubes contained 0-2 umole 
of arginine, 2 ml. of developing reagent containing 5% 
(w/v) «-naphthol and 2-5% stock diacetyl in n-propanol 
and NaOH as indicated. The results of two separate 
experiments ( x and ©) are shown. 
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Fig. 2. Time-development curves for the colours produced 
by 0-3umole of arginine. ©, Standard procedure; 
x, as before with propanol omitted. 


Effect of various concentrations of ethanol and n-propanol on the intensity of colour 


produced by 25 yg. of arginine 


For other conditions see Table 1. 


Final alcohol concen. ..... 10 15 


Time (min.) 


20 132 163 
30 150 170 
45 138 162 
60 123 147 
20 125 cate 
30 130 

45 115 


60 100 os 





Extinction 
eandtentini - —— _ —_——_———, 
20 25 30 40 50 
Propanol 
162 162 131 — — 
170 170 150 — — 
163 163 147 — ~- 
150 150 135 — — 
Ethanol 
153 — 130 113 85 
149 — 124 111 86 
128 — 110 100 73 
107 — 93 93 69 
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indicate that n-propanol is more effective than 
ethanol at all concentrations investigated. The 
stability of the colour also tends to be higher with n- 
propanol. The optimum concentration of n-propanol 
lies between 15 and 25%, and a concentration of 
20% was chosen for all subsequent experiments. 

Effect of «-naphthol concentration on the colour 
intensity. In view of the considerable increase in 
colour intensity due to the presence of n-propanol 
it was of interest to determine whether, under the 
now altered conditions, the «-naphthol concentra- 
tion could be reduced from the 1 % level, but it was 
found that reduction of the concentration resulted 
in a nearly proportional reduction of the colour 
intensity. The effect of higher concentrations of 
«-naphthol was not tested, because even at the 1% 
level there was significant discoloration in the 
blanks. «-Naphthol was therefore used at a final 
concentration of 1-:0% (w/v). 

Effect of NaOH concentration. In the initial 
experiments 1 ml. of 5N-NaOH was added per tube 
(vol. 10 ml.). The optimum amount of NaOH 
necessary for the reaction was determined in the 
presence of optimum amounts of the other re- 
agents. It will be seen (Fig. 1) that the optimum 
amount was about 0-6 ml. of 5N-NaOH/10 ml. In 
practice 1 ml. of 3N-NaOH was used. 

Standard method. The final procedure adopted 
for the estimation of arginine was as follows: 
A developing solution was prepared by mixing 
20 ml. of 25 % (w/v) «-naphthol in n-propanol with 
2-5 ml. of stock diacetyl solution and diluting the 
mixture to 100 ml. with n-propanol. 

Graduated test tubes (10 ml.) containing the 
sampies for arginine estimation and Iml. of 
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Fig. 3. Relationship between the concentration of arginine 


and the colour intensity. Tubes contained arginine in 
varying amounts as indicated, 2 ml. of the developing 
reagent and I ml. of 3N-NaOH in a final volume of 
10 ml. 
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3n-NaOH were arranged with a blank tube 
preceding each set of four tubes. The developing 
solution (2 ml.) was then added to each tube at 
30 sec. intervals. The contents were made to 10 ml. 
with water and mixed by shaking. Readings were 
commenced 20-30 min. after the first addition, 
tubes being read at 30 sec. intervals. This procedure 
will be referred to as the standard method. 
Time-course of colour development. The time— 
colour development curves for 0-3 pmole of arginine 
in the standard method and without n-propanol 
are given in Fig. 2. It appears that the effect of 
n-propanol is to increase both the rate of formation 
of the coloured complex and the colour intensity. 
Relationship between the concentration of arginine 
and the intensity of colour. Fig. 3 shows that the 
colour intensity is proportional to the concentra- 
tion of arginine between the limits of 0-05—0-6 pmole 
(8—100 pg.). 
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Fig. 4. Effect of temperature on the rate of formation and 
breakdown of the coloured arginine complex. The 
reaction mixture was the same as described in Fig. 3. 
Development temperatures: 0, 10°; @, 15°; O, 18°; 
x, 25°; A, 30°. 
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Fig. 5. Relation between temperature and time required to 
reach maximum colour development. (For detailssee Fig. 4.) 
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Effect of temperature on the development of colour. 
The effect of temperature on the time taken to 
reach maximal colour intensity and on the stability 
of the coloured complex has also been investigated 
(Fig. 4). It will be seen that the maximum colour 
obtained with a given quantity of arginine tends to 
increase with decreasing temperature, and that at 
the same time there is a considerable increase in the 
stability of the colour. If the time required to 
reach maximum colour development is plotted 
against temperature (Fig. 5), a straight line is 
obtained which can be used as an indication of 
the development time if maximum sensitivity is 
required. 

Linearity at various stages of colour development. 
A study was made of the relationship between the 
colour intensity at various stages of the reaction at 
20° and the concentration of arginine. The results 
(Fig. 6) indicate that a direct proportionality holds 
between these quantities both before and after the 
development of maximum colour. (Maximum 
colour development is reached in 35 min. at 20°.) 
Thus provided standards are used, readings can be 
taken over a wide range of times after the addition 
of the reagents. However, for maximum sensitivity 
colours should be read at a time depending upon 
the temperature, as shown in Fig. 5. 

Application of the reaction to the estimation of 
other guanido compounds. In view of the satis- 
factory results obtained with arginine the sen- 
sitivity of the method for related compounds was 
determined. Table 3 lists the molecular extinction 
coefficients for various substituted guanidines and 
for free guanidine. The extinctions are given for 
0-2 % (w/v) and 1-0 % (w/v) final concentrations of 
a-naphthol in aqueous solutions and for 1:0% 
(w/v) «-naphthol in 20% (v/v) n-propanol. It will 
be seen that the effect of increasing the «-naphthol 
concentration is to increase the colour intensity in 
all cases. On the other hand, the addition of n- 
propanol decreases the colour intensity produced 
by the asymmetrically disubstituted guanidines, 
creatine and negmine, but increases the intensity 
of colour of the monosubstituted guanidines (and of 
free guanidine) three- to ten-fold. The result is 
that the molecular extinction coefficients of the 
latter gréup in the presence of n-propanol are 
raised to the level of the former in aqueous solu- 
tion. It is necessary to note that the molecular 
extinctions have been obtained under optimum 
conditions for arginine. The possibility exists that 
the optimum conditions for each compound may 
differ and that under ideal conditions higher 





molecular extinctions may result. It will be noted 
that the moecular extinction of diguanidoethane is 
approximately twice that of either guanidoethane 
or guanidoethanol. This is in accordance with the 
results of Dumazert & Poggi (1939) who, with the 
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Sakaguchi reaction, found that the molecular 
extinction of diguanido compounds was approxi- 
mately double that of monoguanidines. 

Estimation of streptomycin. Streptomycin, which 
contains two guanido groups/molecule, produced 
a colour under the standard conditions for the 
estimation of arginine, and could be estimated in 
quantities ranging from 0-05 to lpmole. The 
molecular extinction in the standard reaction was 
found to be 13-3 x 10°, which is comparable with 
the values obtained for monoguanido compounds 
(cf. Table 3). 

Reproducibility of results. The amount of scatter 
in the standard procedure was checked by carrying 
out a series of estimations involving thirty-two 
tubes each containing 50 yg. of arginine. A mean 
value for E of 0-385 was obtained. The standard 
deviation was 0-022. 
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Fig. 6. Relation between the arginine concentration and 
the colour intensity at various stages of colour develop- 
ment. (For details see Fig. 3.) Colour densities were 
estimated at 15 (A), 22 (B), 30 (C) and 40 (D) min. 


Table 3. Molecular extinction coefficients of various 
substituted guanidines 


Column C, standard procedure; column B, same, with 
propanol omitted; column A, as B, but «-naphthol de- 


creased to 0-2%. 
10-° x molecular extinctions 


| 
| 


Compound A B Cc 
Creatine 16-1 23-5 17-7 
Negmine 13-5 19-8 14-2 
Glycocyamine 2-5 3-7 15-6 
a-Guanidopropionic acid 2-9 4-5 13°3 
f-Guanidopropionic acid 2-7 3-7 16-9 
Taurocyamine 2-6 3-7 16-7 
Arginine 2-6 3-7 15-7 
Guanidine 1-8 2-0 19-2 
1:2-Diguanidoethane — —- 24-6 
1-Guanidoethane — — 13-6 
2-Guanidoethanol — — 13-6 





er 








a ee 


——_ —-v 





Vol. 63 


Estimation of the arginine content of some proteins. 
The arginine content of a number of proteins 
hydrolysed by the procedure described above 
(Methods) has been determined. The results 
(Table 4) are compared with those selected as best 
values by Block & Bolling (1947). It is clear that 
the method is applicable to the estimation of the 
arginine content of proteins. 

The effect of prolonged hydrolysis on the values 
obtained for the arginine content of protein was 


‘Fable 4. Arginine content of various proteins 


All values are given as mg. of arginine/16 mg. of total N. 
The samples of hydrolysates used in the estimation con- 
tained an equivalent of 0-5-2-0 mg. of the original protein. 


Arginine content 


Time of Best values 
hydrolysis Found by (Block & 
Protein (hr.) analysis _ Bolling, 1947) 
Serum albumin 40 6-0 5-2 
Gelatin 40 75 76 
Insulin 48 3-3 3-4 
Wool 18 10-0 10-0 





Table 5. Arginine content of insulin and edestin 


Both proteins were hydrolysed in 20-5% HCl at 110° for 


periods shown below. 7 
Arginine (mg./16 mg. of N) 


Time SS 
(hr.) Insulin Edestin 
0 -—— 8-9 
0-25 2-1 11-6 
0-5 2-3 13-8 
1-0 2-5 15-4 
15 2-7 15-4 
2-0 28 15-6 
2-5 2-9 16-1 
3-0 2-9 16-3 
45 a 16-7 
6-0 3-2 16-6 
12-0 3-3 17-0 
18 3-3 _— 
24 3-3 17-2 
48 3-3 16-3 
72 3-2 — 
100 3-2 _- 
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determined. A number of samples of insulin and 
edestin were hydrolysed in sealed tubes at 110° 
for periods ranging from 15 min. to 100hr. The 
arginine and N contents of the hydrolysates were 
then estimated. The results are shown in Table 5. 
It is seen that the arginine value was maximal for 
both proteins after hydrolysis for 24 hr. and that 
with insulin it did not fall after 100 hr. 

Recovery of added arginine from protein hydro- 
lysates. In order to ascertain that other components 
of the hydrolysates did not exert any inhibitory 
effect on the colour reaction, recovery studies were 
carried out (Table 6). It is clear from the satis- 
factory recoveries that under these conditions 
there is no interference by other amino acids. 

Inhibition of the reaction by various compounds. 
The inhibition of the reaction by some other amino 
acids, ammonia and several buffers is shown in 
Table 7. It will be seen that the amino acids and 
similarly the peptide glycylglycine as well as 
aminotrishydroxymethylmethane inhibited the 
reaction at concentrations of 1-2x10-?m. At 
this level the molar concentration of the amino 
acids exceeded that of the arginine present by 
a factor of about 700. 


DISCUSSION 


Diacetyl and «-naphthol react in alkaline solution 
with guanidines possessing a free guanido —NH, 
group. It has long been realized that under com- 
parable conditions the colour produced by asym- 
metrically disubstituted guanidines of the general 
formula H,N .C(:NH).NR,R, (e.g. creatine) is five 
to ten times as intense as that produced by the 
monosubstituted guanidines. 

The present work has shown that the sensitivity 
of the reaction of the latter group of guanidines 
can be greatly increased if the reaction is carried 
out in the presence of any one of a number of 
simple alcohols, preferably n-propanol. The precise 
nature of the effect of alcohols on the reaction is 
difficult to define, particularly as little or no 
knowledge exists as to the nature of the reaction 





Table 6. Recovery of arginine added to various protein hydrolysates 


Arginine (ug./ml.) 
- spn ctpaiicatat 





Protein Present 

hydrolysed originally Added 

Insulin 50-9 25-0 
50-0 

Albumin 51-5 25-0 
50-0 

Wool 45-1 25-0 
50-0 

Gelatin 30-2 25-0 


50-0 


Recovery 
Found Recovered (%) 
75-6 24-7 99 
98-4 47-9 96 
74-6 25-5 102 
101-0 51-9 104 
69-7 24-6 98 
94-5 49-4 99 
54-9 24-5 98 
80-7 50-5 101 
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Table 7. Inhibition by various compounds of the 
colour produced by 50yg. of arginine in the 
standard procedure 


Conen. Inhibition 

Compound (mM) (%) 

Glycine 0-01 34 
0-02 55 

Tyrosine 0-01 13 
0-02 22 

Tryptophan 0-01 21 
0-02 28 

Histidine 0-01 12 
0-02 15 

Ammonia 0-1 0 
Glycylglycine 0-001 15 

0-01 81 

Aminotrishydroxymethylmethane 0-001 3 
0-01 58 

Phosphate 0-01 0 
Glycerophosphate 0-01 0 
N-Ethylmorpholine 0-01 0 


which occurs between a guanido compound, «- 
naphthol and diacetyl. It is apparent, however, 
from the results that alcohols increase the speed 
with which the various components react to pro- 
duce the red-coloured complex, and in addition 
have a stabilizing effect on the colour. 

The present method was developed after the 
failure to obtain reliable results for the estimation 
of arginine by the method of Sakaguchi (1925a, b). 
The original method, as well as some modifications, 
including those by Sakaguchi (1950, 1951), were 
tried, but in no case were the results reproducible 
nor were linear graphs obtained. With solutions of 
unknown arginine content difficulties arose because 
the latter must be roughly determined in order to 
add the correct amount of hypobromite. The timing 
between the addition of hypobromite and urea was 
critical, and errors were frequently introduced by 
condensate appearing on the exterior walls of 
the cells and bubbles of gas on the interior. 
The colours, moreover, were not stable. These 
and other objections have been expressed by a 
number of other authors, notably by Macpherson 
(1942). 

The new method does not suffer from the dis- 
advantages of the Sakaguchi method and is easier 
to carry out. The tubes can be prepared with the 
sample, and the NaOH added before the commence- 
ment of the actual estimation, which then involves 
only a single addition of the developing mixture to 
each tube. The colour intensity is proportional to 
the concentration of arginine over a wide range 
and the sensitivity is as high as that claimed by 
Sakaguchi (1950). The method can be used for the 
estimation of any guanido compound alone, but it 
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will not differentiate between two such compounds 
if present together. 

The investigations have been concerned chiefly 
with estimation of arginine and to a lesser extent 
with other monoguanidines, but some experiments 
have been carried out on the estimation of strepto- 
mycin, for which the method described seems 
suitable. Dumazert & Poggi (1939) showed that 
simple diguanido compounds such as arcaine and 
synthaline reacted with the Sakaguchi reagents in 
such a way as to give a molecular extinction twice 
that of a monoguanidine. A similar result has been 
obtained with diguanidoethane, using the method 
described above. It was therefore expected that 
since streptomycin contains two guanido groups it 
would, using the present method, yield a molecular 
extinction double that found with monoguanidines. 
The molecular extinction found however was close 
to that of these latter compounds and it would 
thus seem possible that one of the groups is masked 
by the glycoside side chain. 

The values for the arginine content of proteins, 
as compared with those quoted in the literature 
and the satisfactory recoveries of added arginine, 
indicate that the method is suitable for the estima- 
tion of arginine in protein material. 

The results obtained with the prolonged hydro- 
lysis of proteins are not in agreement with some 
published work. Thus, Hunter & Dauphinee 
(1929-30) claimed that the amount of arginine 
decreased with the time of hydrolysis, and Roche & 
Blane-Jean (1940) estimated that with edestin 
35 % of the total arginine was lost on hydrolysis for 
24 hr. with HCl. No such losses have been ob- 
tained in this work with insulin and edestin. 

The experiments concerning the inhibitory 
action of some compounds on the colour reaction 
show that some of the commonly used _ buffers, 
namely glycine, glycylglycine, histidine and amino- 
trishydroxymethylmethane inhibit at concentra- 
tions at which they are likely to be employed. It is 
therefore necessary to avoid the use of these 
buffers in systems in which guanidines are to be 
estimated by this colour reaction. Amino acids in 
high concentrations also produce marked inhibi- 
tions; however, these concentrations are greatly in 
excess of the combined concentrations of other 
amino acids in protein hydrolysates appropriately 
diluted for arginine estimation. 

If the estimation of arginine is to be carried out 
on trichloroacetic acid extracts of tissues the colour 
should be allowed to develop in the dark or in 
artificial light. This is necessary because of the blue 
colour which would otherwise develop from the 
interaction of sodium trichloroacetate and «- 
naphthoi (cf. Eggleton et al. 1943). 

In contrast to the Sakaguchi procedure the 
present method is not inhibited by ammonia. 
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SUMMARY 


1. A method for the colorimetric estimation of 
arginine has been described. 

2. The applicability of the method for the 
estimation of other guanido compounds, including 
streptomycin, has been demonstrated. 

3. The method was shown to be suitable for the 
estimation of the arginine content of proteins. 

4. The advantages of the method, as compared 
with that of Sakaguchi, have been discussed. 
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The Short-Term Effect of Pituitary Growth Hormone 
on the Catabolism of Fat in the Liver 
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Rats treated with anterior-pituitary growth 
hormone undergo a change in metabolic pattern in 
favour of a retention of nitrogen and water and a 
loss of fat (Lee & Schaffer, 1934; Young, 1945; 
Greenbaum, 1953). In a previous communication 
it was shown that injections of growth hormone 
caused profound changes in the catabolism of fat, 
particularly during the first 3 days of treatment 
(Greenbaum & McLean, 1953). At short time 
intervals after treatment (6hr.) there was an 
inhibition of fat oxidation and an increase in the 
endogenous respiration in liver-tissue suspensions 
from treated rats as compared with similar pre- 
parations from control rats; while at 12 hr. this 
pattern was reversed, i.e. an inhibition of the endo- 
genous respiration and increase in fat catabolism 
was found. At periods of 24 hr. or longer after the 
initiation of treatment there appeared to be no 
difference between control and _ experimental 


animals, although there is little doubt that the 
energy metabolism of the treated animals was 
based largely on fat and that of the controls on 


the usual mixture of carbohydrate, protein and fat 
(Greenbaum, 1953). It seemed possible from these 
results that the liver responded rapidly to growth 
hormone but that the effect was essentially short- 
term, and that the longer-term effect of growth 
hormone in stimulating fat catabolism was possibly 
effected in the extrahepatic tissues. It was also 
suggested that the two-phase picture of fat meta- 
bolism obtained in the livers of treated rats in the 
first 24 hr. of growth-hormone treatment might be 
explained on the basis of a pancreatropic effect of 
growth hormone. This would result in a release of 
insulin over the first few hours, and this insulin 
would then produce its characteristic effect, an 
inhibition of fat oxidation. At the longer time 
interval the secretion of insulin would have 
declined and the growth hormone effect would 
then become obvious. 

The present communication describes experi- 
ments which tend to show that some of the short- 
term effects of growth hormone are indeed due to 
insulin, and that the full effect of growth hormone 
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on fat metabolism in the intact animal does not 
become manifest until some 12hr. after the 
injection. 


EXPERIMENTAL 


Animals. Virgin female hooded Norway rats, of the 
Medical Research Council strain, aged 4 months and with 
initial body weights from 170 to 210 g., were used. They 
were allowed free access to food. The rats which were to be 
made diabetic were injected subcutaneously with alloxan 
monohydrate dissolved in citrate-phosphate buffer, 
pH 4-0, at a dose level of 180 mg. of the monohydrate/kg. of 
body weight. These rats were kept for 21 days after the 
induction of diabetes before use to ensure that they were 
free of endogenous insulin. Their blood sugar levels (non- 
fasting) varied between 400 and 600 mg./100 ml. 

Both the normal and the diabetic animals were divided 
into three groups: one group of controls and two groups 
injected intraperitoneally with 0-5 mg. of growth hormone 
(fraction A) prepared by the procedure of Wilhelmi, 
Fishman & Russell (1948). One of the injected groups was 
killed 6 hr. after injection and the other group 12 hr. after. 

Methods. The rats were killed by dislocation of the 
cervical vertebrae and the livers were rapidly excised. The 
fatty acid oxidase activity and the acetoacetate production 
were determined, and the data so obtained were used to 
calculate the rate of formation and rate of oxidation of the 
two-carbon fragments. The methods used have been 
described previously (Greenbaum & McLean, 1953). The 
substrate used throughout was octanoate prepared from the 
redistilled acid (b.p. 237°). 


RESULTS 


The results of this experiment are summarized in 
Table 1 and Figs. 1 and 2. All the results given are 
expressed as the activity of the entire liver. This 
form of expressing the results is used in preference 
to the more conventional activity/g. of tissue (a) 
because in im vivo experiments such as that 
described here the entire liver is the physiologically 
functional unit, and (b) because the livers of 
growth-hormone-treated rats become infiltrated to 
a variable degree with large amounts of fat, and 
this renders the expressing of results on the basis of 
activity/g. of tissue somewhat misleading. 

The diabetic rats lost some 15% of their body 
weight during the 21 days of their diabetic state, 
but there’ does not appear to have been any 
parallel loss in liver weight. 

As can be seen from Table 1 the endogenous 
oxygen uptake of the liver of the normal animals 
is not affected by the injection of growth hormone, 
but that of the diabetic rats is markedly stimulated, 
the level of oxygen uptake being significantly 
greater 12 hr. after the injection than that found 
either in the controls or in the rats treated for the 
shorter time interval. 

The effect of the growth-hormone injection on 
the uptake of oxygen due to the oxidation of 
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octanoate is shown in column 6 of the table. In- 
jection of the hormone into normal rats causes 
first a decreased rate of fatty acid oxidation and 
later a marked increase. Both the inhibition and 
stimulation of fatty acid oxidation are statistically 
significant. The inhibitory effect of growth 
hormone on fatty acid catabolism 6 hr. after in- 
jection into a normal animal is not found when the 
hormone is injected into diabetic rats, the values 
for the control group and 6 hr.-injected rats in this 
latter group being virtually identical. The stimu- 
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Values of P for differences 


Fig. 1. Comparison of the rate of formation of two-carbon 
fragments from octanoate to the rate of oxidation of the 
two carbon-fragments. The height of the columns re- 
presents the ratio two-carbon formation: two-carbon 
oxidation. 


me a a a ee eee 


Normal Diabetic 








0-50 ( Control 
MB éhr. 
gee 12hr. 
S 0:30 
s 
oe 
3 
8 0:20 
° 
8 
< 040 
0 
<<0-001> <+0-938> 
—0-646—> <—0:003—> 
<<0-001> +<0-001> 


Values of P for differences 


Fig. 2. Comparison of rate of acetoacetate production and 
rate of fatty acid oxidation. The height of the column 
represents the ratio pmoles of acetoacetate formed: 
pmoles octanoate oxidized, 
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latory effect 12hr. after injection is, however, 
found both in normal and diabetic animals. 

When the oxygen uptake attributable to the 
oxidation of octanoate is partitioned into the two 
components, namely the oxygen used in the forma- 
tion of the 2-C fragments and the oxygen used in 
the oxidation of the 2-C fragments to CO, and 
water, some differences between the behaviour of 
the normal and the diabetic rats become manifest. 
From column 7 of the table it is clear that the rate 
of formation of the 2-C fragment in normal rats is 
not increased 6hr. after the injection, but a 
significant increase is found 12 hr. after the in- 
jection. The same is essentially true of the diabetic 
rats, except that the increased rate of 2-C fragment 
formation found at 12 hr. is much more striking, 
the new rate being over twice the control level. 

When the oxygen used in the oxidation of the 
2-C fragments to CO, and water is considered 
(column 8), two different patterns emerge for the 
normal and diabetic rats. In normal rats the rate 
of oxidation is cut to roughly one-third 6 hr. after 
the injection, but by 12 hr. the rate has been so 
increased that it is now significantly greater than 
the control level. In diabetic rats there is neither 
an inhibition of oxidation 6hr. after growth- 
hormone treatment nor a stimulation 12 hr. after. 
On the contrary, the rate of oxidation of the 2-C 
fragment is reduced after 12hr., although this 
reduction is only just statistically significant 
(P=0-05). This inhibition at 12 hr. is in marked 
contrast to the increased rate of 2-C fragment 
formation at the same time and is clearly reflected 
in the very high rate of acetoacetate formation in 
the diabetic rats at this time interval. 

The relative rates of 2-C fragment formation and 
the rate of 2-C oxidation show contrasts (Fig. 1). 
In normal animals the ratio fatty acid oxidase 
activity: 2-C oxidation is increased from 1-71 in 
control animals to 4-35 in animals treated for 6 hr., 
but by 12 hr. this had returned again to a ratio of 
1-40. In diabetic animals the ratio 6hr. after 
growth-hormone treatment is the same as that in 
controls, but by 12 hr. it has increased from 1-37 
to 4-23. 

In normal animals the increased ratio is not due 
to any change in the rate of formation of the 2-C 
fragments but to a decreased ability to oxidize 
these fragments through the Krebs cycle. In 
diabetic animals, on the other hand, the high ratio 
is not due to any marked decrease in the ability to 
oxidize the fragments through the cycle but rather 
to the large increase in the rate of formation of the 
2-C units. 

A similar contrast in pattern between normal and 
diabetic rats is found when the ratio between 
acetoacetate production and oxygen used in fatty 
acid oxidation is examined (Fig. 2). 
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DISCUSSION 


The results of the experiments described here on 
the effect of the in vivo treatment of normal intact 
rats with growth hormone on the in vitro oxidation 
of octanoate confirm, in general, the results pre- 
viously obtained by Greenbaum & McLean (1953). 
Treatment of the intact rat with growth hormone 
leads to a two-phase response: a decreased rate of 
fat oxidation 6hr. after treatment, and an in- 
creased rate of fat oxidation 12 hr. after treatment. 
The decreased rate of oxidation appears to be due 
to a slowing down of the rate of oxidation of the 
two-carbon fragments to CO, and water rather than 
to a diminution in the rate of the two-carbon- 
fragment formation. The increased oxidation rate 
12hr. after treatment with growth hormone 
appears to be due to both an increased rate of two- 
carbon-fragment formation and an increased rate of 
two-carbon oxidation. 

Inactivation of the pancreas abolishes the two- 
phase response of rats to growth hormone by the 
elimination of the first effect at 6 hr. The injection 
of growth hormone into a diabetic rat produces no 
discernible effect on fat catabolism 6 hr. after the 
injection. In contrast to the findings in the intact 
animal, there is no diminution in the total oxygen 
used for fatty acid oxidation, nor is there any 
reduction in the rate of oxidation of the two- 
carbon fragments formed by the fatty acid oxidase 
system. The second phase of the response remains. 
The increase in total oxygen used for fatty acid 
oxidation and the increased rate of the formation of 
the two-carbon fragments is found in both normal 
and diabetic rats, and indeed the increase seems 
even more marked with the diabetic than with the 
normal animals. 

There is, however, this difference between the 
response of normal and diabetic rats. At 12 hr. 
normal rats are oxidizing an increasing proportion 
of the fatty acid to CO, and water, whereas the 
diabetic animals have a decreased rate of oxidation 
of octanoate to CO, and water. 

The results presented here indicate that the 
response of fat catabolism to growth hormone at 
the shorter time interval is to a large degree 
dependent on a functional pancreas. The second 
phase, at the longer time interval, does not appear 
to require the presence of the pancreas. It would 
appear possible therefore that the primary response 
is mediated via the pancreas. There is little doubt 
that pituitary growth hormone exerts a powerful 
pancreatropic effect, although it is by no means 
certain that it causes primarily a secretion of 
insulin. Although there is a great deal of indirect 
evidence that growth hormone causes a secretion of 
insulin, the only direct work so far available 
(Anderson & Long, 1947) seems to indicate that 
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growth hormone actually causes an inhibition of 
insulin secretion. Too much emphasis, however, 
should not be placed on the results of Anderson & 
Long, in view of the criticism by Young (1953) of 
their assay procedure. 

The indirect evidence for the pancreatropic 
effect of growth hormone has been reviewed by 
Young (1953) and by Campbell (1955). Especially 
relevant to the present work is the paper by 
Milman & Russell (1950), who found a depression in 
the blood sugar of normal rats treated with growth 
hormone for periods up to 8 hr. after the injection. 
No similar depression was found when growth 
hormone was injected into diabetic animals, and 
they therefore ascribed the lowered blood sugar to 
a stimulation of insulin secretion by the injected 
growth hormone. In the light of the results pre- 
sented here it may be suggested that the primary 
response of fat metabolism to growth hormone is 
not due to growth hormone itself but to the secre- 
tion of insulin which it stimulates. In this context 
the exact mechanism of the release of insulin, 
whether it is a direct stimulation of the B-cells by 
growth hormone as suggested by Milman & Russell 
(1950), whether it is an indirect stimulation of the 
B-cells by the glucagon released by growth hormone 
as suggested by Young (1953), or whether the 
insulin is released from the tissues as suggested by 
Ottaway (1953), is not important. The effect of any 
of these mechanisms would mean that for a period 
of about 6-Shr. after the injection of growth 
hormone the animal is predominantly under the 
influence of insulin. This would account for the 
increased endogenous respiration, and the decrease 
in the rate of fatty acid oxidation to CO, and water 
would also be consistent with this suggestion. 
After 8 hr. or so, the secretion of insulin diminishes 
and the true growth-hormone pattern, which has so 
far been masked, is revealed. 

Thus the pattern of fat catabolism obtained 
12 hr. after the injection of growth hormone is the 
characteristic picture, showing an increased rate of 
degradation of the fatty acids to the two-carbon 
fragment and an increased ability to oxidize these 
fragments through the Krebs cycle. 


SUMMARY 


1. The in vitro oxidation of octanoate has been 
studied in the livers of normal and diabetic rats 
injected 6 and 12hr. previously with growth 
hormone. 

2. In normal rats there is an inhibition of fatty 
acid oxidation to CO, and water 6hr. after the 
injection of the hormone, but in diabetic animals 
this inhibition is not obtained. 

3. In normal rats there is a stimulation of fatty 
acid oxidation, both as far as the two-carbon 
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fragment and to CO, and water, 12 hr. after the 
injection of the hormone. In diabetic rats there is 
also a stimulation of the rate of two-carbon- 
fragment formation at this time interval, but no 
increase in the rate of oxidation of the two-carbon 
units. 

4. It is suggested that the inhibition of fatty 
acid oxidation found 6 hr. after the injection is due 
to a release of insulin caused by the pancreatropic 
effect of the growth hormone, and not by the 
growth hormone itself. The effect of growth 
hormone is to produce an increased rate of fat 
degradation. 

I wish to record my thanks to the Royal Society for an 
expenses grant. 
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The last few years have seen considerable advances 
in our knowledge of the mechanism of fat oxidation 
and synthesis. Reports from Green’s laboratory 
(see Green, 1954), and from Lynen & Ochoa (1953), 
have contributed to the building-up of a composite 
picture in which acyl fatty acids are either shortened 
by 2-carbon atoms or lengthened by 2-carbon 
atoms as a result of four consecutive reactions, 
which together constitute the ‘fatty acid cycle’. 
This cycle is envisaged as being completely re- 
versible. Two of the reactions in the cycle involve 
hydrogen transfers, in one case by the flavin— 
adenine dinucleotide-linked enzyme, ethylene re- 
ductase, and in the other by the coenzyme I-linked 
enzyme, f-keto reductase. Lynen (1952-53) has 
suggested that the direction in which the cycle 
turns, i.e. whether it is a synthetic or a degradative 
cycle, depends on the availability of reduced 
coenzyme I (DPNH) as a source of hydrogen or of 
oxidized coenzyme I (DPN) to accept hydrogen. 
Indeed, he states: ‘It would appear that in the 
living cell also the DPNH:DPN ratio may deter- 
mine whether synthesis or degradation of the 
carbon chain will occur’. This suggestion has been 
verified by in vitro experiments (Hele & Popjak, 
1955), but not by in vivo experiments, where the 
experimental conditions are not so readily con- 
trolled. It seemed to us that the necessary in vivo 
conditions could best be obtained in animals 


exposed to various hormonal influences which have 
previously been shown to favour either fat syn- 
thesis or breakdown. We have accordingly studied 
the DPN:DPNH ratio in insulin-treated rats, 
which are actively synthesizing fat, and in rats 
treated with pituitary growth hormone in which 
fat oxidation predominates. The results below 
indicate that although the DPN:DPNH ratios in 
diabetic and insulin-treated rats follow the pre- 
dictions of Lynen, the ratio in growth-hormone- 
treated rats does not. In fact there appears to be 
little correlation between the cellular level of DPN 
or DPNH and the direction of the fatty acid cycle. 


METHODS 


Animals. The animals used were female hooded Norway 
rats aged 3-4 months, weighing 170-200 g. and maintained 
on stock diet (diet 41, Bruce & Parkes, 1946). In animals 
treated with growth hormone, the diet used was that 
described by Greenbaum (1953), which was supplied ad lib. 
before the commencement of treatment and at a daily 
level of 22 g. thereafter. Control rats for this group also 
received 22 g. of the special diet/day. 

Diabetic animals were obtained by injecting 180 mg./kg. 
of body wt. of alloxan monohydrate dissolved as a 2% 
solution in a citrate—phosphate buffer, pH 4-0.The mortality 
rate was high, only about one-third of the rats surviving 
until the 21st day. The diabetic rats were kept for 3 weeks 
to ensure that there was no residual endogenous insulin. 
The surviving diabetic rats used in these experiments had 
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blood sugar levels (non-fasting) 400-600 mg./100 ml., and 
were excreting 7-12 g. of glucose/day. 

Injection of hormones. The growth hormone used was a 
twice-crystallized preparation of the fraction A prepared 
by the method of Wilhelmi, Fishman & Russell (1948). The 
dose given was 1 mg. injected subcutaneously (into rats 
treated for 24hr. or longer), intraperitoneally (for the 
groups being treated for 6 or 12 hr.), or intravenously when 
the treatment was for 1 hr. only. Control rats received 
similar injections of saline. 

Insulin was a commercial sample of Wellcome insulin 
(Burroughs Wellcome and Co.). The dose of 0-25 unit was 
injected intravenously into the tail vein. Controls were 
similarly injected with saline. 

Assay of DPN and DPNH. For assay of the coenzyme 
rats were killed by dislocation of the cervical vertebrae, and 
500 mg. of the central lobe of the liver was rapidly removed 
and extracted as described by Eichel & Spirtes (1954). The 
time interval between killing and placing the liver sample 
into the heated medium was standardized at 1 min. The 
extract was then assayed as described by Eichel & Spirtes 
except thai the volume of liquid used in extraction was 
reduced from 15 to 10 ml. in order to obtain more concen- 
trated solutions for the spectrophotometric assay. We 
found, however, that when these extracts were centrifuged 
for 15 min. at 35 000 g as recommended by Eichel & Spirtes 
a clear supernatant was obtained, but a layer of floating 
particles made decantation impossible. A clear sample of 
the supernatant was obtained by withdrawing the middle 
layer with a capillary pipette. Measurements of the 
changes in extinction at 340 my. were made on a Hilger 
Uvispek spectrophotometer. 

Measurements were also made of the DPN and DPNH 
content of muscle in normal, growth-hormone-treated and 
insulin-treated rats. In these animals the quadriceps 
muscle was removed as rapidly as possible after death; 
500 mg. was weighed on a torsion balance and then ex- 
tracted and assayed in exactly the same way as liver. 





RESULTS 
The changes in the level of oxidized and reduced 
DPN in the liver of rats treated with pituitary 
growth hormone for periods of from 6 hr. to 7 days 
are shown in Table 1. Included in this table are the 
levels of coenzyme calculated per g. of liver, per 
total liver or total liver/100 g. of body weight. It 
will be seen that the DPN content per g. of liver 
remains unchanged throughout the 7 days of 
treatment, whereas the DPNH content increases 
as a result of the treatment. This increase may be 
noted as early as 6 hr., although it does not become 
statistically significant until the animal has been 
treated for 24hr. The same tendency, an un- 
changed DPN and an increased DPNH, is also 
noticeable when the results are expressed as total 
oxidized or reduced coenzyme in the liver, although 
then the results are not statistically significant. 
More striking are the changes in the ratio DPN: 
DPNH. There was a fall in this ratio in all the 
treated groups, the fall being statistically signifi- 
cant as early as 6hr. after the treatment and 
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remaining significantly lowered throughout the 
7 days. 

The very rapid change in the DPN: DPNH ratio 
made it seem worth while to investigate the effect 
of even shorter-term treatments of only l hr. For 
these, the injection was made into the tail vein. It 
was noted that the unavoidable handling of the 
rats during tail-vein injections invariably caused 
a lowering of both DPN and DPNH. To allow for 
this, all rats, control and experimental, were 
handled in as standard a manner as possible, and 
all were injected with the same volume of solution, 
saline in the controls, and growth hormone or 
insulin in the experimental rats. The results of this 
experiment are shown in Table 2. The handling 
seemed to affect the level of DPNH more than the 
level of DPN and this is reflected in a ratio of 
DPN:DPNH of 2:2 for control rats, a figure con- 
siderably higher than that found in normal controls. 
Again it will be noted that there is no change in the 
level of DPN, but there is a significant rise in 
the level of DPNH after treatment with growth 
hormone. In these animals the treatment with 
growth hormone brought about a synthesis of total 
coenzyme, since the combined DPN and DPNH of 
the treated animals is almost significantly greater 
than in the controls (P = 0-055). As an extension of 
the results shown in Table 1, treatment with 
growth hormone for only 1 hr. caused a significant 
fall in the DPN: DPNH ratio, the fall being even 
more striking than that obtained with long-term 
treatment. 

In view of the pancreatropic effect of growth 
hormone, it was thought that these early effects 
might not necessarily be due to growth hormone 
itself, but could at least in part be due to the action 
of insulin, the secretion of which had been stimu- 
lated. A further experiment was therefore set up in 
which 0-25 unit of insulin was injected into the tail 
vein in the place of the growth hormone. The 
results of this experiment are also given in Table 2. 
In contrast to growth hormone, insulin caused an 
unequivocal increase in both DPN and DPNH, the 
level of reduced coenzyme being almost doubled. 
The total coenzyme is also significantly increased 
over control level, implying an actual synthesis of 
coenzyme even in so short a period as | hr. The 
ratio DPN: DPNH was exceedingly low, and was in 
fact the lowest encountered in the present series of 
experiments. This result did little towards answer- 
ing the question whether the very quick response of 
the DPN: DPNH ratio after growth hormone was 
due to a direct action of the hormone or was due to 
an indirect response via insulin. To resolve this 
question use was made of a series of diabetic rats 
in which an insulin effect would not be possible. 
The results of this experiment are given in Table 3. 
The effect of diabetes is to cause a profound 
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No. of DPN 
Treatment animals (#8-) 
Control 8 284+.13-5 
Growth hormone 6 292+4.5-7 
Insulin 6 273 +12-6 


lowering of the level of DPNH, and a very much 
smaller change in the DPN as compared with 
levels in the handled controls (shown in Table 2). 
As a consequence the DPN:DPNH ratio rises to 
3-48. Treatment of these diabetic animals with 
growth hormone for 1 hr. causes a rise of both 
DPN and DPNH to normal levels with a more 
normal ratio of 2-2. 

In addition to the experiments described above, 
a few measurements were made of the levels of 
DPN and DPNH in the quadriceps muscle. 
Table 4 presents a summary of the results of these 
experiments. It is noticeable that while the level of 
DPN is about 80% of that found in the liver the 
DPNH is only about 30%; the ratio DPN: DPNH 
in muscle is 6-48 as compared with a normal ratio of 
2-2 in liver. It was found, however, that with 
muscle, unlike liver, the level of DPNH was 
extremely variable, and this, together with the 
inaccuracies inherent in the measurement of such 
small values, makes these results of doubtful 
significance. Even lower values of muscle DPNH 
have been reported by Jedeikin & Weinhouse 
(1955). These factors make it difficult to assess 
whether either growth hormone or insulin has any 
effect on muscle coenzyme I levels. 


DISCUSSION 


Treatment of normal rats with insulin caused an 
increase in both DPN and DPNH, the latter being 
almost doubled. The DPN:DPNH ratio was 
decreased to 1-36. Diabetic rats, on the other hand, 
showed no change in the level of DPN, but a 
profound fall in DPNH to almost half of that found 
in the control rats. The ratio of DPN:DPNH in 
diabetic animals was 3-48. These results are entirely 
in agreement with those reported by Helmreich, 
Holzer, Lamprecht & Goldschmidt (1954). The 
changes in reduced coenzyme I could be accounted 
for largely in terms of the effect of the hormone on 
glycolysis, which is probably a major source of 
DPNH, in that the injection of insulin increases 
glycolysis whereas deprivation of the hormone 


decreases it. With insulin we have a situation 


which appears to conform with the view of Lynen 
(1952-53) that a high level of DPNH is necessary 
for fatty acid carbon-chain elongation. 


Osborn, 
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Table 4. Levels of oxidized and reduced coenzyme I in the quadriceps muscle of normal rats 
treated for 1 hr. with growth hormone (0-5 mg.) or insulin (0-25 unit) 
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Coenzyme I/g. wet wt. of muscle 


Total 


DPNH 
(ug-) (ug) DPN: DPNH 
4643-14 330-4 11-0 6-48 + 0-69 
362-63 328-+.8-0 8-35 -+.0-40 
3742-11 310-4.13-5 7-45 -4-0-45 


Chaikoff & Felts (1951) have shown that in the 


absence of insulin fat synthesis is low, while the 
presence of the hormone increases the rate of 
carbon incorporation into fatty acids fivefold. In 
the present series of experiments we have found 
that diabetic rats have a preponderance of DPN, as 
evidenced by a DPN: DPNH ratio of 3-48, and a 
decreased availability of hydrogen for fat syn- 
thesis. On the other hand, rats treated with 
insulin have a DPN: DPNH ratio of 1-36 and hence 
have an increased capacity for fat synthesis. This is 
also in agreement with the views of Helmreich et al. 
(1954). 

In rats treated with pituitary growth hormone, 
the correlation between the ratio DPN: DPNH and 
fat metabolism is not so clear. The injection of 
growth hormone for periods as short as 1 hr. or as 
long as 7 days uniformly results in an increase of 
DPNH and in a decreased DPN:DPNH ,atio, 
conditions which on the Lynen formulation should 
favour fat synthesis. It is well established, how- 
ever, that rats treated with growth hormone over 
the same time intervals have a greatly increased 
rate of fat oxidation (Greenbaum & McLean, 1953) 
and a reduced rate of fat synthesis (Greenbaum & 
Glascock, unpublished work). If the hydrogen of 
DPNH represents the reductive potential necessary 
for fat synthesis then clearly the hydrogen must be 
generated outside the fatty acid cycle. According 
to Recant (1952) glycolysis does not appear to be 
affected by growth hormone, and an increased 
glycolysis can therefore be discarded as a source of 
hydrogen. It seems much more likely that the 
increased DPNH in growth-hormone-treated rats 
represents not so much a potential for fat synthesis 
but simply a result of fat degradation. Each turn 
of the fatty acid cycle will lead to the reduction of 
1 molecule of DPN by B-keto reductase. Thus we 
might expect a rise in the DPNH in conditions of 
increased fat degradation, conditions known to 
exist in growth-hormone-treated rats. If this is 
true the level of DPNH in the liver of growth- 
hormone-treated rats does not influence the 
direction of the fatty acid cycle, but is simply a 
reflexion of the way it is turning. In this context 
the increase in DPNH found in growth-hormone- 
treated diabetic animals is of interest. The diabetic 
rat has a much reduced DPNH owing to the failure 
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of glycolysis, and the injection of growth hormone 
restores the level to normal. This effect is not 
mediated by insulin, and there is no reason to 
believe it is due to any effect on glycolysis itself. It 
therefore seems most probable that here the 
source of hydrogen for the reduction of DPN is 
from an increased fat catabolism. 

Helmreich et al. (1954) have studied the relation 
of liver DPNH and ketosis in starvation and in 
diabetes, and have concluded that DPNH has an 
antiketogenic affect in these animals. This relation- 
ship does not appear to apply to the ketosis induced 
by pituitary growth hormone. Liver slices from 
rats treated for 24 hr. with growth hormone pro- 
duce more than twice as much acetoacetate, with 
oleate as substrate, than do untreated controls 
(Greenbaum & McLean, 1953), yet at this time 
interval the level of DPNH is significantly raised 
over the control level (Table 1), which is inexplic- 
able in terms of the scheme of Helmreich et al. 
(1954), but readily explained in terms of the views 
advanced above. 

The foregoing results are difficult to reconcile 
with Lynen’s (1952-53) suggestion that the rate of 
fat synthesis is determined by the level of DPNH. 
Although it seems most probable that a low 
DPN:DPNH ratio is necessary for fat synthesis, 
the extension of this, that a low DPN: DPNH ratio 
would determine the direction of the fatty acid 
cycle in favour of carbon-chain elongation, does not 
seem fully justified. There appear to be factors 
other than the availability of hydrogen which also 
exert some influence on the direction in which the 
eycle works. The mechanism by which growth 
hormone influences fat metabolism in favour of 
degradation is being further investigated. 


SUMMARY 


1. Changes in the levels of oxidized coenzyme I 
(DPN) and reduced coenzyme I (DPNH) have been 
studied in the liver of (a) normal, (6) growth- 
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hormone-treated normal, (c) insulin-treated normal, 
(d) diabetic and (e) growth-hormone-treated 
diabetic rats, with periods of hormone treatment 
ranging from 1 hr. to 7 days. 

2. Growth hormone has little effect on the DPN 
of normal rats but increases the level of DPNH. 
This effect is manifest at even the shortest time 
intervals. 

3. Insulin increases both the DPN and DPNH, 
the latter to a greater extent. 

4. Diabetes causes a profound fall in DPNH but 
this can be completely restored in 1 hr. by the 
injection of growth hormone. 

5. The relation of these changes to the rate 
of fat synthesis in hormonally treated rats is 
discussed. 


We are indebted to the Agricultural Research Council 
for a grant to one of us (C.N.G.) during the tenure of 
which this work was done, and to the Royal Society for an 
expenses grant (A. L.G.). 
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The cuticle is a layer covering the epidermis of 
the exposed parts of plants (e.g. stems, leaves). 
In spite of very wide occurrence, the chemical 
composition of plant cuticular layer is practically 
unknown (cf. Zetsche, 1932). Lee (1925) found that 
the cuticles of chrysanthemum and rose petals and 
the petioles of rhubarb leaves consisted of fatty 
acids, both free and esterified, soaps of fatty acids 
and some free higher alcohols, resinous substances 
and tannins. Triterpenoids, such as ursolic acid, 
were also reported in the cuticular layer of some 
300 Japanese plants (Kariyine & Hashimoto, 1953; 
ef. Huelin & Gallop, 1951). On extraction of the 
cuticle of Agave americana and Agave rigida (Legg 
& Wheeler, 1925, 1929) successively with different 
solvents, several classes of compounds were ob- 
tained, namely glycosides of the saponin type, free 
acids, saponifiable material and cellulose. The 
residue remaining after these extractions was 
defined as cutin and was considered to be the 
characteristic part of the cuticular layer. The cutin 
was further resolved, after saponification with 
ethanolic potassium hydroxide, by a method 
based on the different solubilities of individual 
metal salts in various solvents. Four acids were 
isolated: a semi-liquid acid, C,,H;,0, (65% of 
cutin); a semi-liquid acid, C,,H,,0, (10%); an acid 
melting at 107—108° (10%), thought to be identical 
with phloionic acid found in suberin, and an acid 
melting at 88—90° (very small amount). By similar 
methods, the isolation of only two acids from cutin 
of an agave had been reported previously (Fremy, 
1859, 1881, 1885): a solid acid, named stearo-cutic, 
m.p. 76°, and a semi-liquid acid, named oleo-cutic. 
Their relative proportion in the cutin was 1:5 
respectively. No attempts have been made to 
elucidate the structures of any of these acids. 

This paper is concerned with the separation, 
isolation and structure of the acids constituting the 
ether-soluble fraction obtained on saponification of 
cutin from A. americana L. This fraction represents 
some 60% of the weight of cutin. 


METHODS 


Countercurrent distribution. Countercurrent-distribution 


experiments were performed in a 24-tube stainless-steel 
apparatus of 6-8 ml./phase capacity or in an all-glass model 
of 100 ml./phase capacity (Craig & Craig, 1950). 


Sixty transfers were applied in the all-glass apparatus, 
with a single-withdrawal technique. The thirty emerging 
upper phases were then recvcled over thirty fresh lower 
phases. The solvent system consisted of mutually saturated 
chloroform—methanol-isohexane—water (10:10:5:4, by 
vol.). 

The distribution in the stainless-steel apparatus was 
followed by titration to phenolphthalein of the contents of 
each tube with ethanolic 0-05n-NaOH. Portions (5 ml.) 
from each phase in each tube were collected from the all- 
glass apparatus; after drying in a vacuum oven the residues 
were weighed. 

The volume of NaOH used or the weight of the residue 
was plotted against the tube number. 

Analytical-scale reversed-phase partition chromatography. 
For these chromatographic experiments a water-jacketed 
column (0-8 em. x 80 cm.) was used. The temperature was 
that of running tap water (18—20°), and small variations 
did not affect the separations. The eluate was collected in 
a siphon delivering 1 ml. portions and titrated in a glass 
vessel as described by Howard & Martin (1950) with 0-01" 
methanolic NaOH, bromothymol blue being used as indi- 
cator (0-2%, w/v, in 70% aqueous acetone). N, from a 
cylinder was used to agitate the eluate, and it was found 
unnecessary to protect it against atmospheric CO,. On 
plotting the volume of alkali used against the aliquot 
number, chromatographic curves were obtained. 

Three different stationary phases were used: (i) purified 
medicinal paraffin (Howard & Martin, 1950); (ii) purified 
castor oil (Savary & Desnuelle, 1953) and (iii) a paraffin- 
castor oil mixture (50%, w/w). The stationary phases were 
adsorbed on non-wetting kieselguhr and packed as de- 
scribed by Silk & Hahn (1954a). 

Different water-acetone (v/v) mixtures equilibrated 
with the appropriate stationary phase and clarified by 
filtration were used as developing solvents. 

The material (5-30 mg.) was dissolved in ether and 1 g. of 
non-wetting kieselguhr containing the stationary phase 
was added. The ether was slowly evaporated with constant 
stirring. The powdery mull was suspended in 10 ml. of the 
mixture having the lowest acetone content that was used in 
the experiment and bedded by means of a plunger with a 
perforated disk. 

Preparative reversed-phase partition chromatography. It 
became necessary to extend the reversed-phase partition 
chromatography in such a way that it could be used as a 
preparative tool. A column (3-9 cm. x 1-2 m.) was used in 
conjunction with a siphon of special construction. The 
siphon (cf. Silk & Hahn, 19545) divided each fraction into 
two portions: (i) the bulk (30 ml.), which was collected; 
(ii) a small sample (2 ml.), which was titrated and dis- 
carded. It was thus possible to follow the development of 
the chromatogram without contaminating the material 
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recovered. When 280g. of non-wetting kieselguhr with 225g. 
of castor oil was used, it was found that as much as 18 g. of 
material could be processed at once without adversely affect- 
ing the resolution. The mull was prepared in the usual way and 
packed in the column as a slurry with the aid of a plunger. 

Determination of the position of the secondary hydroxyl 
group. The following micro method was developed for the 
detection of the position of the secondary hydroxyl group 
in molecules of the type 

CH,(OH) .[CH,],.CH(OH) .[CH,],.CO,H. 

The methyl ester of the acid, dissolved in acetic acid, 
was shaken in a stoppered flask with the calculated amount 
of CrO, for 18 hr. at 30°. Under these conditions very little 
or no hydrolysis occurred. The reaction mixture was 
poured into water and worked up in ether. The product 
obtained on distillation of the solvent was extracted with 
pentane to remove the half-ester of dicarboxylic acids 
formed and to leave free dicarboxylic acids as a residue. 
Part of the half-ester extract was then saponified. In this 
way three fractions were obtained: (a) pentane-insoluble 
(dicarboxylic acids); (6) pentane-soluble (half-esters) and 
(c) pentane-soluble saponified fraction (saponified half 
esters) (these will be referred to as fractions a, b and c in the 
experimental part). All three fractions and a synthetic 
mixture of adipic, pimelic, suberic, azelaic and sebacic 
acids were spotted on a sheet of Whatman no. 1 paper and 
developed with a mixture of n-propanol-conc. aqueous 
NH, (60:40, v/v) (Isherwood & Hanes, 1953) by descending 
chromatography at approx. 20°. When the solvent front had 
moved about 25cm. the paper was removed from the 
tank, dried for 1 hr. at room temperature and sprayed with 
bromocresol-green indicator prepared according to Lind- 
quist & Stérgards (1953). 

The longest-chain acid detected from the saponified 
half-ester fraction gave the distance of the hydroxyl group 
from the original carboxyl side and the longest-chain acid 
detected in the dicarboxylic acid fraction gave the position 
of the hydroxyl relative te the opposite side of the chain, 
as shown below: 


CH,(OH).[CH,],.CH(OH) .[CH,],.CO,Me 
CrO,, CH,.CO,H 


(1) HO,C.[CH,],.CO,H HO,C.[CH,],.CO,Me (3) 
+ and + 

(2) HO,C.[CH,],-1.CO,Me HO,C.[CH,],-,.CO,H (4) 

The dicarboxylic acids detected must give the original 
chain length when the appropriate oxidation fragments are 
added (e.g. 1+2 or 3+4), thus providing a check of the 
results. The half-esters all have Rp values of about 0.9, 
which is much higher than those of the dicarboxylic acids. 


EXPERIMENTAL AND RESULTS 
Melting points were determined in capillary tubes immersed 
in an electrically heated and stirred paraffin bath and are 
corrected. Infrared absorption spectra were recorded with 
a Perkin-Elmer infrared spectrometer Model 21. 


Isolation of cutin 


Leaves of A. americana L. were collected near Pretoria 
and, after washing, the cuticle was stripped off. A method 
based on that of Legg & Wheeler (1925) was used for the 
isolation of cutin. Air-dried cuticle (329 g.) was extracted 
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twice with boiling hexane (2 x21.) for 3 hr. The hexane 
solutions were combined and gave 24g. of yellow wax. 
The cuticle was refluxed with 21. of ethanol for 3 hr. and 
the solvent decanted while hot. This treatment was re- 
peated eight times. The combined ethanolic solutions gave 
a further 54 g. of waxy material. The total wax fraction 
was thus 78 g. (24:1%). 

The cuticle was extracted with 61. of boiling water for 
2 hr. and the water decanted while hot. After four treat- 
ments the water was no longer coloured. The extraction was 
continued in an autoclave under a pressure of 17 Ib./sq. in. 
until a 100 ml. portion left no residue on evaporation. The 
combined water extracts were worked up to give 27g. 
(8-2%) of dark-brown, crisp material. 

Cellulose was removed by treatment with Schweizer 
reagent. The cuticle, suspended in 21. of cuprammonium 
hydroxide solution, was shaken for 8hr. and filtered. 
After three extractions all cellulose was removed, since the 
test with ‘chlor-zine-iodide’ reagent (Abderhalden, 1914) 
on sections of the residual material showed no blue 
coloration. 

The residue, which was defined as cutin, was washed 
with 41. of 10% hydrochloric acid and hot water until 
neutral. After air-drying, 168 g. (51%) of light-brown 
elastic tissue was obtained. (Found: ash, 4-2; C, 63-9; 
H, 9-6%, ash-free basis.) 


Saponification of cutin and preliminary 
fractionation of the derived acids 

Saponification of cutin with ethanolic KOH (5%, w/v), 
sodium ethoxide or boiling Cellosolve-KOH (5%, w/v) was 
found unsatisfactory, and the method described below was 
used in the present work. 

Finely ground cutin (30g.) and 5% aqueous KOH 
(200 ml.) were placed in a rotating 500 ml. autoclave and 
heated for 17 hr. at 130°. The reaction mixture was filtered 
hot through a Gooch crucible; the residue was boiled twice 
with water and filtered off. After drying at 100°, 3-59 g. of 
a brown powder was obtained. (Found: ash, 10-5; C, 52-6; 
H, 7-8%, ash-free basis.) 

The combined filtrates were extracted with ether but no 
unsaponifiable material was found. 

After acidification with 5% HCl, the precipitated acids 
were filtered off and repeatedly extracted with ether. The 
ether-insoluble residue gave, after drying, 4-14 g. of brown 
powder. (Found: C, 70-3; H, 11-9%; equiv. wt., 470.) The 
aqueous filtrate was extracted several times with ether and 
the ethereal solutions were combined with those obtained 
previously. After distillation of the solvent, 17-23 g. of 
brown greasy material remained. (Found: equiv. wt., 332.) 
The fractionation is shown schematically in Fig. 1. 


Cutin 


KOH 


Residue (12%) Saponified (88%) 


HCl, ether 


Ether-soluble 
(57-5 %) 


Ether-insoluble 
(13-7% 
Fig. 1 


Water-soluble 
(16-6 %) 
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Reduction of the ether-soluble fraction 
to the parent acids 


The ether-soluble fraction (2 g.), HI (sp.gr. 1-7; 30 ml.) 
and red P (0-3 g.) were refluxed for 8 hr. with continuous 
stirring. The reaction mixture was poured into water and 
extracted with ether. The ethereal solution was washed with 
water, 5°94 NaHSO, and water, and dried and distilled, 
leaving a brown oil (3-21 g.). The oil was dissolved in 
methanol (30 ml.) and refluxed for 4 hr. in the presence of 
Zn (2 g.) and cone. HCl (15 ml.). The reaction mixture was 
diluted with water and worked up in ether to give a yellow 
solid (1-94 g.), which was chromatographed on a column of 
neutral alumina (40 g.). Three fractions were collected from 0 
the chromatogram: (i) pentane-eluted material (0-67 g.); 10 Tube no. 
(ii) pentane-ether (1:1, v/v)-eluted material (0-66 g.); and 
(iii) ether-eluted material (0-13 g.). 

Fraction (i) was saponified and some of the acids obtained 
were subjected to reversed-phase partition chromatography 
with paraffin as a stationary phase. Two well-resolved peaks 
were obtained and indentified as palmitic and stearic acids 
by a mixed chromatogram with authentic samples. 

Fraction (ii) contained, in addition to a small amount of Ether-soluble fraction 
palmitic and stearic acids, some incompletely reduced 
material which appeared with the solvent front. This 


fraction (0-6 g.) was therefore treated again with HI as E 
described above. After purification on an alumina column, Upper | phases 
the pentane eluate (0-3 g.) consisted again only of palmitic Peantion 1 
and stearic acids. 
rhe ratio of palmitic to stearic acid in the total ether- Upper 
soluble fraction was approximately 1:3. 
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Fig. 2. Countercurrent distribution of the ether-soluble 
fraction of saponified cutin. Thirty transfers in 
chloroform-methanol-isohexane-water (10:10:5:4, by 
vol.). 
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Fraction 2 Fraction 3 
Separation of the acids constituting Fig. 3 
the ether-soluble fraction = 

Countercurrent-distribution experiments. The  ether- 
soluble fraction was only partially resolved after thirty 15 
transfers in the all-glass apparatus, as can be seen from 
Fig. 2. Two fractions designated as Z and Y in Fig. 2 were 
collected, and fraction Z was worked up in ether and then 
subjected to sixty transfers in the manner described pre- 
viously. Some further separation was evident, but sixty 
transfers were still insufficient to resolve this mixture into 
well-defined peaks. This method was not used for further 
resolution of the mixture. However, from fraction Y a high 
concentrate of a relatively pure compound was obtained. 
This material was designated as concentrate A. 

The preparation of the concentrate A was simplified 
further by using the multiple-batch extraction technique 
(cf. Zilch, Dutton & Cowan, 1952). The ether-soluble 
fraction (10 g.) was subjected to four transfers with four 
separating funnels. The same solvent system was used as in 
the countercurrent-distribution experiments (150 ml. of 
each phase). All four upper phases were combined and 
worked up to give fraction 1 (2-4 g.). The four lower phases 
were combined and worked up; the material obtained was 
subjected again to the process described above. The com- 
bined upper phases gave fraction 2 (2-5 g.) and the com- 
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bined lower phases fraction 3 (4-8 g.). This fractionation is 024 6 8 101214 16 18 20 22 24 
shown in Fig. 3. Wikatnc: 
All three fractions obtained by this procedure were sub- 
jected to countercurrent distribution and the curves are Fig. 4. Countercurrent distribution of fractions 1-3, ob- 
reproduced in Fig. 4. Fraction 1 was practically the same tained by the batch-extraction technique (see text). 
as concentrate A. Fractions 2 and 3 were very similar to Twenty-four transfers in chloroform—methanol-iso- 
one another and were therefore combined. hexane-water (10:10:5:4, by vol.). 
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Reversed-phase partition chromatography. Some of the 
total ether-soluble fraction was subjected to reversed- 
phase partition chromatography, with castor oil as a 
stationary phase. Five peaks, designated A, B, C, D and E 
respectively, were obtained as recorded in Fig. 5. In this 
procedure the separation of A and B was far from com- 
plete. When, however, the combined fractions 2 and 3, 
obtained by the batch-extraction technique as described 
above, were chromatographed on the same column, the 
curve reproduced in Fig. 6 was obtained. As was expected, 
the largest part of A was already removed, and therefore 
the degree of separation which could be achieved between 
the remaining A and B was increased. 


These experiments showed that excellent separation of 
cutin acids on a castor-oil column was possible. The bulk of 


the material was therefore processed in the preparative 
column described. Four fractions were collected from each 
chromatogram as indicated in Fig. 6. From each fraction 
most of the organic solvent was removed by distillation at 
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Fig. 5. Reversed-phase partition chromatography of the 
ether-soluble fraction of saponified cutin. The column 
(0-8 cm. x 80cm.) contained non-wetting kieselguhr 
(12g.) and castor oil (10 g.). Changes of solvent (%, v/v, 
aqueous acetone) are indicated by the arrows. 
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Fig. 6. Reversed-phase partition chromatography of the 


combined fractions 2 and 3, obtained by the batch- 
extraction technique (see text). Column and solvent as 
in Fig. 5. 
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reduced pressure. The precipitated acids were extracted 
with ether, and after removal of the solvent four concen- 
trates, designated 4A, B, C and D respectively, were 
obtained. 


9:10:18-Trihydroxyoctadecanoic acid* 
(phloionolic acid) 


Isolation. Fraction 1 obtained by the batch-extraction 
technique was recrystallized from ethyl acetate to give the 
acid (approx. 25% of cutin; approx. 43% of the ether- 
soluble fraction) (needles), m.p. 102—103°, unchanged on 
admixture with phloionolic acid isolated from suberin 
(kindly supplied by Professor Ribas). (Found: C, 65-0; 
H, 10-9%; equiv. wt., 330. Calc. for C,,H,,0;: C, 65-0; H, 
10-9%; equiv. wt., 332.) 

The methyl ester was prepared by refluxing the acid in 
methanol-H,SQ, ; it was crystallized from benzene to m.p. 
80-0-80-4°. (Found: C, 66-1; H, 11-0; active H, 0-9 
(Zerewitinoff method in anisole). Cale. for C,H,,0;: 
C, 65-9; H, 11-0; active H, 0-87%.) 

Reduction to the parent acid. The acid (460 mg.) was 
treated with HI and Zn as described above and worked up 
in ether to give a solid (369 mg.) which was purified on a 
neutral alumina column. 

The pentane-eluted material (256 mg.), after one crystal- 
lization from acetone, had m.p. 38-2-38-6°, undepresssd on 
admixture with authentic methyl stearate. (Found: C, 
76-6; H, 12-9. Calc. for C,gH,,0,: C, 76-45; H, 12-38%.) 

Oxidation with lead tetraacetate. The acid (5 g.) dissolved 
in benzene (150 ml.) containing acetic acid (15 ml.) was 
oxidized with lead tetraacetate (20 g.) in benzene (50 ml.) at 
55° in the presence of air (cf. Mendel & Coops, 1939). The 
reaction mixture was poured into 5% aqueous H,SO, 
(100 ml.) and the aqueous layer extracted three times with 
benzene. The combined benzene solutions were treated 
with 50% aqueous KOH and the alkaline extracts acidified 
and worked up in ether. The residue obtained was esterified 
with methanol to give a mixture (4:2 g.) which was 
adsorbed on a neutral alumina (50 g.) column and eluted 
with (i) isohexane (350 ml.) and (ii) methanol (150 ml.). 

(i) The isohexane-eluted material (2-47 g.) was an oil 
which dete’ at 160°/24mm.; 7} 1-4365 (dimethyl 
— nB 9 1-43669). (Found: C, 61-2; H, 9-3. Cale. for 

C,,H_90,: C, 61-1; H, 9-3%.) The distillate was saponified 
to give azelaic acid, m.p. and mixed m.p. 107°. (Found: 
C, 57-4; H, 8-45. Cale. for C,H,,0,: C, 57-4; H, 8-6%.) The 
dianilide had m.p. 186°. (Found: N, 8-1. Cale. for 
C,,H,,0,N, : N, 83%.) 

(ii) The methanolic eluate was concentrated in vacuo to 
25 ml., diluted with water and extracted with ether. 
Distillation of the solvent left an oil (1-4g.). (Found: 
active H, 0-57. (LiAIH, method.) Cale. for CygH 903: 
active H, 0-53%.) This was saponified to give the acid, 
recrystallized from ethyl acetate and water to m.p. 50-0— 
50-5° (9-hydroxynonanoic acid has m.p. 51-51-5°; Chuit & 
Hausser, 1929). (Found: C, 62-2; H, 10-5%; equiv. wt., 
174. Cale. for CgH,,0,: C, 62-0; H, 10-4%; equiv. wt., 174.) 

Reduction by LiAlH, of the products of oxidation by lead 
tetraacetate. The mixture of acids (2-59 g.), obtained by 
oxidation with lead tetraacetate as described above, was 
dissolved in dry ether (100 ml.) and added dropwise to 
LiAlH, (1-1 g.) in ether (50 ml.). It was then refluxed for 
Lhr., cooled and decomposed with 5% aqueous H,SO, 


* Geneva numbering, CO,H = 1. 
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(Nylstrom & Brown, 1947). The reaction product was 
worked up in ether to give a solid (1-49 g.) which distilled 
at 123°/0-5 mm. without leaving any residue. After re- 
crystallization from benzene the alcohol was identified as 
nonane-1:9-diol, m.p. and mixed m.p. 45-2-45-6°. (Found: 
C, 67-7; H, 12-5. Cale. for CyH.90,: C, 67-45; H, 126%.) 

Degradative oxidation with CrO,. The methyl ester 
(100 mg.), acetic acid (1 ml.) and CrO, (90 mg.), were 
shaken for 18 hr. at 30° and worked up in ether to give a 
solid (120 mg.), which was treated as described under 
Methods in order to obtain the three fractions. These were 
chromatographed on paper together with a mixture of 
authentic dicarboxylic acids. Fraction b gave a spot with 
Ry 0-86. Fractions a and ¢ both gave a spot (Rp 0-58) 
identical with that given by azelaic acid. Two more very 
faint spots, due to suberic acid (Ry 0-48) and azelaic half- 
ester (Rp 0-86), were also detected in these fractions. 





10:16-Dihydroxyhexadecanoic acid 


Isolation. The concentrate B (obtained from the pre- 
parative reversed-phase partition chromatography, see 
Fig. 6) was rechromatographed on a castor-oil column. 
From the shape of the curve it was obvious that in addition 
to a small amount of C a certain amount of A was also 
present. 

The concentrate B (4-7 g.), dissolved in 96% ethanol 
(150 ml.), was treated with a solution of sodium para- 
periodate (2g.) in 2N-H,SO, (50 ml.) (Karnovsky & 
Rapson, 1946; cf. Jackson, 1944) in order to oxidize 
phloionolic acid. After standing at room temperature for 
lhr. the reaction mixture was poured into water and 
worked up in ether. The solid obtained (3-9 g.) was re- 
chromatographed on a castor-oil column and the fractions 
were collected in such a way that the right-hand impurity 
(C) was discarded. The acetone was distilled off in vacuo and 
the precipitated solid filtered off and dried over P,O;. The 
acid (approx. 9-7% of cutin; approx. 17% of the ether- 
soluble fraction) was crystallized from aqueous methanol 
to m.p. 75-76° (needles). (Found: C, 66-5; H, 10-9%; 
equiv. wt., 275. C,gH3.0, requires C, 66-6; H, 11:2%; 
equiv. wt., 288.) The methyl ester, prepared in the usual 
way, was crystallized from benzene to m.p. 67-5-68-3°. 
(Found: C, 67-35; H, 11-5; active H, 0-67 (Zerewitinoff 
method in anisole). C,,H,,0, requires C, 67-5; H, 11-3; 
active H, 0-66 %. 

Reduction to the parent acid. The acid (300 mg.) was 
treated with HI and Zn as described above and worked up 
in ether to give a slightly yellow oil (268 mg.) which was 
purified on a neutral alumina column. The pentane (150 ml.)- 
eluted material (218 mg.) was saponified to give palmitic 
acid, m.p. and mixed m.p. 62-4-62-8°. (Found: C, 74-9; 
H, 12-6. Cale. for C,,H;.0.: C, 74-9; H, 12-6%.) A mixed 
chromatogram of the acid obtained with authentic palmitic 
acid gave only one peak. 

Oxidation to the ketodicarboxylic acid. To the methyl ester 
(49 mg.) dissolved in acetone (4 ml.) was added dropwise 
a solution of CrO, (40 mg.), water (2-5 ml.) and cone. 
H,SO, (0-4 ml.) (cf. Anet, Lythgoe, Silk & Trippett, 1953). 
After addition of the reagent, the mixture was stirred for 
30 min. at room temperature. It was then poured into 
water, extracted with ether and the ethereal solution 
washed with water. After removal of the solvent the 
derived solid (43 mg.) was saponified to give the acid 
(42 mg.), which was crystallized from benzene to m.p. 
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112-5-113-5° (7-oxohexadecanedioic acid (Collaud, 1943) 
has m.p. 113-113-5°). (Found: C, 64-2; H, 98%; equiv. 
wt., 304. Calc. for C,,H.,0; : C, 64-0; H, 9-4%; equiv. wt., 
300.) 

The position of the secondary hydroxyl group. The methyl 
ester (34 mg.) in acetic acid (1 ml.) was oxidized with CrO, 
(45 mg.) as described previously and worked up in ether to 
give a yellow solid (32 mg.). The three fractions obtained 
as described under Methods were chromatographed on 
paper. Fraction b gave a spot with R, 0-89. In the fraction 
a two spots identical in Ry value with those given by adipic 
(Ry 0:41) and pimelic (Rp 0-47) acids were detected. 
Fraction c gave two spots with Rp 0-58 and 0-69 respectively, 
identical with those given by azelaic and sebacic acids. In 
this last fraction another spot (Rp 0-76) identical with that 
given by the C,, ketodicarboxylic acid was also detected. 


10:18-Dihydroxyoctadecanoic acid 


Isolation. The concentrate C, obtained from the pre- 
parative reversed-phase partition chromatography (see 
Fig. 6), was rechromatographed on a castor-oil column and 
the fractions were collected in such a way that the right- 
hand impurity (D) was discarded. The acetone was distilled 
off in vacuo and the precipitated solid extracted with ether. 
The ethereal solution was decolorized with charcoal and the 
solvent distilled off. The acid obtained (approx. 10-3% of 
cutin; approx. 18% of the ether-soluble fraction) was 
crystallized from methanol to m.p. 84-85°. (Found: C, 
68:5; H, 116%; equiv. wt., 298. C,gH,,0, requires C, 
68-3; H, 115%; equiv. wt., 316.) The methyl ester, pre- 
pared in the usual way, was crystallized from hexane- 
benzene to m.p. 62-6-63-4°. (Found: C, 69-2; H, 11-7; 
active H, 0-57 (Zerewitinoff method in anisole). C,gH,,0, 
requires C, 69-0; H, 11-6; active H, 0-61%.) 

Reduction to the parent acid. The acid (206 mg.) was 
treated with HI and Zn as described above and worked up 
in ether to give a slightly yellow solid (161 mg.), which was 
purified ona neutral alumina column. The pentane (150 ml.)- 
eluted material (132 mg.) had m.p. 37-0-37-7°, which was 
raised to 37-5-38-5° on addition of methyl stearate of m.p. 
38-3-38-6°. The ester was saponified to give the acid, m.p. 
69-0-69-4°, undepressed on admixture with authentic 
stearic acid. (Found: C, 75-8; H, 12-9. Cale. for CygH360, : 
C, 76-0; H, 12-8 %.) A mixed chromatogram of the obtained 
parent acid with authentic stearic acid gave only one peak. 

Oxidation to the ketodicarboxylic acid. The acid (39 mg.) 
dissolved in acetone (4 ml.) was oxidized with chromic acid 
in the way described above. The reaction mixture was 
worked up in ether to give 10-oxo-octadecanedioic acid, 
which was crystallized from benzene to m.p. 108-109°. 
(Found: C, 65-6; H, 101%; equiv. wt., 334. C,,H.0; 
requires C, 65-8; H, 9-8%; equiv. wt., 328.) 

The position of the secondary hydroxyl group. The methyl 
ester (41 mg.) in acetic acid (1 ml.) was oxidized with 
CrO, (51 mg.) as described above and worked up in ether to 
give a solid (42 mg.). The three fractions obtained as 
described under Methods were chromatographed on paper. 
Fraction 6 gave a spot with Rp 0-89. In fraction a two 
spots, identical in Rp with those given by azelaic (Rp 0-62) 
and suberic (Rp 0-55) acids, were detected. Fraction c gave 
two spots with Rp 0-62 and 0-70 identical with those given 
by azelaic and sebacic acids respectively. In this last 
fraction a spot (Rp 0-78), due to a Cy, ketodicarboxylic acid, 
was also detected. 
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18-Hydroxyoctadec-cis-9-enoic acid 


Isolation (as 9:10:18-trihydroxyoctadecanoic acid). When 
the concentrate D (obtained from the preparative reversed- 
phase partition chromatography, see Fig. 6) was worked up 
in the usual way it was found that it contained, in addition 
to the acids derived from cutin, a large amount of castor oil 
washed from the column. The cutin acids were separated 
from castor oil by extraction with 5% K,CO, and, after 
acidification, they were extracted with ether. The ethereal 
solution was passed through a kieselguhr-silica gel (50%, 
w/w) column in order to remove brown-coloured impurities. 
The eluate was worked up to give a slightly coloured semi- 
solid which was partly unsaturated (24-4 mg. in ethanol 
took up 0-7 ml. of H, in presence of Adams’s catalyst) and 
was obviously a mixture of several acids. The infrared 
spectrum of the mixture (CS, solution) was recorded and 
examined in the 10-35 yu. region for trans double bonds. No 
absorption peaks occurred in this region and therefore the 
double bond(s) had a cis configuration. 

When the mixture was subjected to reversed-phase 
partition chromatography, with paraffin—-castor oil (50%, 
w/w) as stationary phase, only slight resolution was 
achieved. As it was not possible to obtain pure acid in this 
way, the mixture was dissolved in formic acid (98-100 %) 
and hydroxylated with performic acid at 50° (Knight, Koos 
& Swern, 1954; Bergstrém & Paabo, 1954). The reaction 
product was saponified, worked up in ether and chromato- 
graphed on a paraffin-castor oil column. Three well- 
resolved peaks were obtained and three fractions, desig- 
nated D1, D2 and D3 respectively, were collected as 
indicated in Fig. 7. 

Although fraction D2 was made up for the greater part 
of the unchanged unsaturated acid, a solid acid whose 
methyl ester had m.p. 42-45° was also isolated in an impure 
state from this fraction. The small amount of material 
obtained precluded further purification and identification 
of this acid. 

Fraction D1 was worked up in the usual way and re- 
crystallized from aqueous methanol to give phloionolic 
acid, m.p. 102°, undepressed on admixture with an 
authentic sample. (Found: C, 64-9; H, 10-7%; equiv. wt., 
328. Calc. for C,,H,,0;: C, 65-0; H, 10-99%; equiv. wt., 
332.) The methyl ester had m.p. 79-9-80-2° (from benzene), 
undepressed on admixture with methyl phloionolate. 
(Found: C, 65:9; H, 11-0. Cale. for C,,H,,0;: C, 65-9; 
H, 110%.) 

The original unsaturated acid represents approx. 2% of 
cutin (approx. 3-4% of the ether-soluble fraction). 

Degradative oxidation with CrO,. The acid obtained from 
the fraction D1 (52 mg.) in acetic acid (1 ml.) was oxidized 
with CrO, (20 mg.) as described before. The reaction pro- 
duct was worked up in ether and chromatographed on 
paper, together with a synthetic mixture of dicarboxylic 
acids (cf. Methods). In addition to a very strong spot 
(Ry 0-61) corresponding to that given by azelaic acid, a 
very faint spot (Ry 0-82), probably due to incompletely 
oxidized original material, was also detected. 


18-Hydroxyoctadecanoic acid 


Isolation. Fraction D3 was still a mixture, as can be 
seen from the shape of the chromatographic curve in 
Fig. 7. This fraction was therefore rechromatographed on 
@ paraffin-castor oil (50%, w/w) column, and the curve 
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obtained is reproduced in Fig. 8. Fraction D31 (Fig. 8) 
was collected, worked up in the usual way and the yellow 
solid obtained was esterified with methanol. The methyl 
ester was adsorbed on a neutral alumina column and eluted 
with ether. It was then crystallized from hexane to m.p. 
61-5-62-0° (18-hydroxyoctadecanoic acid methyl ester has 
m.p. 61-5-62-0°, Chuit & Hausser, 1929; 62-4-62-6°, 
Bergstrém, Aulin-Erdtman, Rolander, Stenhagen & 
Ostling, 1952). (Found: C, 72:8; H, 12-0. Cale. for 
Cy9H 3,03: C, 72-6; H, 12-2%.) This acid represents approx. 
0-3% of cutin (approx. 0-7 % of the ether-soluble fraction). 

Oxidation to the dicarboxylic acid. The methyl ester 
(16-6 mg.), dissolved in acetone (3 ml.), was treated with 
chromic acid as described above. The oxidation product 
was saponified with methanolic KOH to give the acid 
(12 mg.), which was crystallized from benzene to m.p. 
122-5-123-5°, undepressed on admixture with authentic 
octadecanedioic acid. (Found: C, 68-9; H, 11-0. Cale. for 
C,gH3,0,: C, 68-75; H, 10-9%.) 
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Methanolic 0:01 N-NaOH (ml./fraction) 


Fig. 7. Reversed-phase partition chromatography of 
concentrate D (Fig. 6) after treatment with performic 
acid. The column (0-8 cm. x80cm.) contained non- 
wetting kieselguhr (12 g.), paraffin (5 g.) and castor oil 
(5 g.). Solvent as in Fig. 5. 
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Fig. 8. Reversed-phase partition chromatography of D3 
(Fig. 7). Column as in Fig. 7, solvent as in Fig. 5. 








DISCUSSION 


Cutin from A. americana was obtained by a slightly 
modified method of Legg & Wheeler (1925), and 
then saponified in order to break down the polymer 
into its constituent acids. Preliminary fractiona- 
tion of the products obtained was achieved by 
ether extraction. The percentage recovery of the 
ether-soluble fraction varied somewhat in different 
experiments, according to the efficiency of the 
extraction. When small samples were used, more 
than 60% of this material, based on the weight of 
cutin, was obtained, but only a 50% yield resulted 
from large samples. The ether-soluble fraction 
therefore represented the bulk of cutin. By 
reduction to palmitic and stearic acids it was shown 
that this fraction consisted almost entirely of C,, 
and C,, normal-chain hydroxylated acids. The 
ether-soluble fraction was only partly resolved in 
a 30-tube Craig apparatus. There is no apparent 
reason, however, why complete separation of acids 
could not be possible in an automatic apparatus 
where a sufficient number of transfers could be 
applied. Further resolution of the ether-soluble 
fraction was achieved by means of reversed-phase 
partition chromatography with castor oil or a 
mixture of paraffin—-castor oil (50%, w/w) as 
stationary phase. The efficiency of the castor-oil 
column appeared to be at least 700 transfers, and 
a very good separation of the constituent acids was 
obtained. In order to prepare sufficient amounts of 
pure acids for structural work, the reversed-phase 
partition chromatography was extended so that it 
became a preparative tool. It was found that 18 g. 
of material could be processed without adversely 
affecting the resolution, but this by no means 
represents the upper limit of the column’s loading. 
The useful application of the methods described 
above in the investigation of chemically related 
natural products (e.g. suberin, shellac) is an obvious 
possibility. 

Five acids—9:10:18-trihydroxyoctadecanoic, 
10:18-dihydroxyoctadecanoic, 18-hydroxyoctadec- 
anoic, 18-hydroxyoctadec-cis-9-enoic and 10:16- 
dihydroxyhexadecanoic acids—representing more 
than 80% of the ether-soluble fraction, were found 
to be present. The structures of the first four acids 
are suggestive of the biological path of their 
formation from a common precursor. It is also 
quite possible that their C,, homologues are present 
in cutin in small amounts, as indicated by the 


isolation of 10:16-dihydroxyhexadecanoic acid. 


It has not been possible, however, to isolate other 
C,, homologues yet. 

The percentage yield of the isolated acids was 
calculated from Figs. 5, 7 and 8 and it should be 
considered as approximate only. The major com- 
ponent (about 25% of cutin) was phloionolic acid 
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(thename commonly applied to 9:10:18-trihydroxy- 
octadecanoic acid, without regard to its isomeric 
form) found also in small amounts in suberin 
(Zetsche & Bihler, 1931; Seoane & Ribas, 1951; ef. 
Jensen & Pekka, 1954). As the mixed m.p. of the 
acids isolated from cutin and suberin showed no 
depression, it is probable that they are identical. 
The structure of phloionolic acid was confirmed by 
the following series of experiments. The acid was 
reduced to stearic acid to establish its carbon 
skeleton. Oxidation with lead tetraacetate pro- 
duced azelaic and 9-hydroxynonanoic acids. In 
a parallel experiment the mixture obtained on lead 
tetraacetate oxidation was reduced with lithium 
aluminium hydride to give nonane-1:9-diol as a sole 
product. Oxidation with chromium trioxide under 
mild conditions gave only azelaic acid. By these 
experiments the position of the hydroxyl groups at 
C,, Cyg and C,, was confirmed. In addition, it was 
possible partly to elucidate the configuration of 
phloionolic acid. It seems well established that 
during the reaction of performic acid with the 
double bond inversion occurs, so that a cis-ethylene 
produces a diol with a threo configuration (e.g. 
Crombie, 1952; cf. Myers, 1952). It has also been 
demonstrated (Swern, Witnauer & Knight, 1952) 
that the low-melting, threo-9:10-dihydroxyocta- 
decanoie acid, obtained on oxidation of oleic (cis) 
acid with performic acid, forms a urea complex, 
whereas the high-melting erythro-9:10-dihydroxy- 
octadecanoic acid, obtained on oxidation of oleic 
acid with potassium permanganate, does not. On 
treatment of 18-hydroxyoctadec-cis-9-enoic acid 
found in cutin, with performic acid, a trihydroxy 
acid having threo configuration, should, therefore, 
be obtained. This acid was found to be identical 
with authentic phloionolic acid isolated from cutin. 
Further, phloionolic acid, from both cutin and 
suberin, formed a urea complex (cf. Ribas & Gil, 
1951), and was the low-melting isomer (a high- 
melting form, m.p. 133°, was obtained by Ribas & 
Seoane (1954) by treating 18-hydroxyoctadec-cis- 
9-enoic acid with potassium permanganate; cf. 
Dupont, Dulou & Cohen, 1955). On the strength of 
this evidence a threo configuration is now assigned 
to phloionolic acid isolated from cutin. 

The structure of 10:16-dihydroxyhexadecanoic 
acid was proved in the following way. Its carbon 
skeleton was established by reduction to palmitic 
acid. The infrared spectrum of the acid (KBr 
technique) did not show any distinct CH, band at 
7-28 ., and the presence of an w-hydroxyl group 
was suspected. Oxidation with chromic acid in 
acetone gave an oxothapsic acid, and therefore one 
of the hydroxyl groups must be attached at Cj. 
For the detection of the position of the remaining 
hydroxyl group a micro-method was developed, as 
described under Methods. Adipic, pimelic, azelaic 
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and sebacic acids were identified as oxidation 
products, thus establishing the position of the 
second hydroxyl] group at Cy): 


HO,C.[CH,],.CO.[CH,],.CO,H 
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(Fremy, 1859, 1881, 1885; Legg & Wheeler, 1925, 
1929) were not pure compounds but mixtures, with 
the possible exception of Legg & Wheeler's 


CrO;, H,SO, (acetone) 


CH,(OH).[CH,],.CH(OH).[CH,],.CO,H 
CrO,, CH,.CO,H 


HI 
—-~+ CH,.[CH,],,.CO,H 
Zn + HCl 





HO,C.[CH,],.CO,H +HO,C.[CH,],.CO,H 
and HO,C.[{CH,],.CO,H +HO,C.[CH,],.CO,H 


Similarly, 10:18-dihydroxyoctadecanoic acid was 
reduced to stearic acid. The infrared spectrum 
(KBr technique) failed again to show conclusively 
the absence of a CH, band at 7-28 »., but on oxida- 
tion with chromic acid in acetone an oxo-octa- 
decanedioic acid was obtained to fix the position of 
one hydroxyl group at C,,. The position of the 
second hydroxyl group was established at Cy) by 
oxidation to suberic, azelaic and sebacic acids: 


HO,C.[CH,],.CO.[CH,],.CO,H 


‘phloionic’ acid, which was probably impure 
phloionolic acid (cf. Zetsche & Bihler, 1931). 

The nature of cutin itself before hydrolysis is of 
considerable interest, and some relevant informa- 
tion has become available as a result of the present 
work. No unsaponifiable material was detected in 
cutin, and all acids isolated so far from this sub- 
stance after saponification have functionalities 
greater than 1. A large proportion (nearly 50% of 


| CrO,, H,SO, (acetone) 


CH,(OH) .[CH,],.CH(OH).[{CH,],.CO,H 


HI 





CH,.[CH,],,-CO,H 
Zn + HCI 


CrO,, CH,.CO,H 


HO,C.[CH,],.CO,H + HO,C.[CH,],.CO,H 
and HO,C.[CH,],.CO,H +HO,C.[CH,],.CO,H 


No record of the isolation of 10:16-dihydroxy- 
hexadecanoic and _ 10:18-dihydroxyoctadecanoic 
acids has been found in the literature. 

It was not possible to isolate the unsaturated 
acid present in cutin in a pure state, but after 
treatment with performic acid the trihydroxy acid 
obtained was isolated and identified by mixed 
m.p.’s of the acid and its ester as phloionolic acid. 
Oxidation of the reaction product with chromium 
trioxide gave only azelaic acid, thus confirming the 
structure. The position of the glycol grouping 
established the position of the original double bond, 
and the absence in the infrared spectrum of a trans 
band in the 10-35 p. region (determined on the con- 
centrate of the unsaturated acid), established its 
cis configuration. The original acid must therefore 
have been 18-hydroxyoctadec-cis-9-enoic acid. 
This acid has been recently found in suberin 
(Ribas & Seoane, 1954). 

The structure of 18-hydroxyoctadecanoic acid, 
the last acid isolated from the ether-soluble 


fraction, was established by its oxidation to octa- 
decanedioic acid. This acid has been now isolated 
for the first time from a natural product. 

In the light of the evidence presented, it is quite 
clear that the cutin acids reported on previously 


cutin) has one carboxyl and more than one 
hydroxyl group per molecule. By inter-esterifica- 
tion of such molecules cross-linked materials can be 
built up, and during the reaction the carboxyl and 
hydroxyl groups become linked in a random 
fashion. These polymers are usually insoluble and 
elastic: they swell in certain solvents and are fairly 
stable thermally. Cutin possesses all these attri- 
butes and is very probably a natural polyester, but 
there is as yet no information about the randomness 
of attachment of functional groups. The fairly 
strong hydroxyl band at 2-92y. in the infrared 
spectrum of cutin (in medicinal paraffin) indicates 
that some free hydroxy] groups are present in cutin 
itself. This was also apparent from the examination 
of the isolated acids, in which a large excess of 
hydroxy! over carboxyl functions was found. 

It was suggested long ago (Fremy, 1882) that 
suberin, the characteristic constituent of work, is 
chemically very similar to cutin. This view was 
supported by Legg & Wheeler (1925) and seems 
to be generally accepted to-day (e.g. Frey- 
Wissling, 1948). On considering the acids isolated 
from suberin so far in a pure state, namely 22-hydr- 
oxydocosanoic (phellonic), docosanedioic (phello- 
genic), 9:10-dihydroxyoctadecanedioie (phloionic), 
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9:10:18-trihydroxyoctadecanoic (phloionolic), cis- 
and trans-octadec-9-enedioic and _ 18-hydroxy- 
octadec-cis-9-enoic acids, it can indeed be seen 
that they are closely related to the cutin acids, and 
that two of them are identical (phloionolic and 18- 
hydroxyoctadec-cis-9-enoic acids). However, no 
dicarboxylic acids or acids of C.. chain length were 
found in the cutin preparations here described. 
Another natural product, this time of insect 
origin (shellac), appears to be chemically similar to 
cutin. The major component (about 30-40%) 


isolated from this material (Harries & Nagel, 
1922) is aleuritic acid (trihydroxyhexadecanoic 
acid), a homologue of phloionolic acid. Other as 
yet unidentified hydroxy fatty acids of similar 
chain length are also present (cf. Wright, 1949). 


SUMMARY 


1. The ether-soluble fraction, obtained on 

saponification of cutin from Agave americana, was 
resolved by means of countercurrent distribution 
and reversed-phase partition chromatography, the 
latter method being adapted to a preparative 
seale. 
2. Four acids, namely threo-9:10:18-trihydroxy- 
octadecanoic, 10:18-dihydroxyoctadecanoic, 18- 
hydroxyoctadecanoic and 10:16-dihydroxyhexa- 
decanoic acid, were isolated in a pure state. The 
fifth, 18-hydroxyoctadec-cis-9-enoic acid, was 
obtained as its dihydroxy derivative. 

3. The nature of cutin from A. americana and 
its similarity to certain other natural products is 
discussed. 
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